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Introduction

Apoptosis, or programmed cell death, is a cellular suicide mechanism critical for
the well being of animals. Malfunction of this cell-intrinsic suicide pathway may result
in cancer, neurodegenerative diseases, or other pathological conditions. My laboratory
was the first to demonstrate the critical role of caspases in regulating apoptosis (Cryns
and Yuan, 1998). The mammalian families of caspases and Bcl-2 proteins are
homologues of C. elegans cell death gene products Ced-3 and Ced-9 which are critical
for cells to undergo programmed cell death in C. elegans. To understand the mechanisms
of apoptosis signal transduction, we initiated three separate projects closely related to the
goals in the original proposal and they have been independently successful and resulted
in four high profile publications (Li et al. 1998; Chou et al. 1998; Karuman et al. 2001,
Degterev et al. 2001. Attached as Appendices).

Project I: Identification of a caspase-8 substrate that mediates the signal
transduction from the cytoplasmic membrane to mitochondria.

Background: Caspase cascades have been implicated in both the initiation and
execution of apoptosis (Cryns and Yuan, 1998). Fas induced apoptosis pathway is the
best characterized example of such pathways. The Fas apoptosis pathway contributes to
the deletion of unwanted mature T cells, cytotoxic T lymphocyte-mediated cytotoxicity,
immune privilege in specific tissues and cancers, and autoimmune diseases. Cross-
linking of the Fas receptor by engagement of the Fas ligand results in the formation of the
so-called death-inducing signal complex (DISC), which consists of the adapter protein
FADD (also known as MORT1) and caspase-8. The formation of DISC leads to the
activation of caspase-8. In certain cells, activated caspase-8 directly cleaves caspase-3
and caspase-7 that then complete the execution of apoptosis. In other cell types, the
activated protease-8 induces mitochondrial damage and then cell death. The study
described here elucidated the mechanism by which the apoptotic signal transmits from
cytoplasmic membrane to mitochondria.

Project II: Illustrating the molecular mechanism of a Ser/Thr kinase, LKB1, in
regulating p53-dependent apoptosis.

Background: The LKB1 gene encodes a Ser/Thr kinase which functions as a
tumor suppressor: loss-of-heterozygosity in this gene is responsible for majority of
Peutz-Jegher patients who are heterozygous carriers of LKB1 loss-of-function mutation
(Hemminki et al., 1998; Jenne et al., 1998). Peutz-Jegher disease is characterized by
hamartomatous polyps in the small bowel, pigmented macules of the buccal mucosa, lips,
fingers and toes and dramatically increased risks to develop cancers later in life
(Giardiello et al., 1987; Jeghers et al., 1949; Peutz, 1921; Spigelman et al., 1989). LKB1
also functions to suppress breast cancer: patients with Peutz-Jegher syndrome have a
significantly elevated risk for breast cancer (Boardman et al., 2000). The mechanism by
which LKB1 regulates tumor formation was not clear at the time. The described here
illustrates the mechanism of LKB1 function.

Project I1I: Identification of small molecule chemical inhibitors of BH3 domain
interaction in Bcl-2 family.

Background: Antiapoptotic Bcl-2 family of proteins, which are frequently
overexpressed in a variety of tumors such as prostate tumors, B cell lymphomas and




melanomas, were demonstrated by a wide variety of studies to protect cells from toxic
effects of chemotherapeutic drugs and poor prognosis in treatment of various forms of
cancer due to chemoresistance often correlates with the ratios of pro- and antiapoptotic
proteins (Reed et al. 1995). On the other hand proapoptotic family members such as Bax
(McCurrach et al. 1997; Miyashita et al. 1995) and Noxa (Oda et al. 2000) were shown to
be direct transcriptional targets of most frequently mutated tumor suppressor protein p53.
In addition recent genetic studies showed that inactivation of Bax directly contributes to
tumorigenesis (McCurrach et al. 1997; Zhang et al. 2000). Consistent with these
observations various antisense strategies (antisense oligonucleotides, dominant negative
family members, ribozymes) targeting antiapoptotic Bcl-2 family members were found to
show significant promise as novel anticancer agents both in vitro and in vivo in a variety
of tumor models (Clarke et al. 1995; Baba et al. 2000; Miayake et al. 2000; Jansen et al.
1998; Gibson et al. 2000).

Dimerization of Bcl-2 family members through the BH3 domains was previously
shown to be the central function of these proteins (Gross et al. 1998). Underscoring
critical role of this interaction for the regulation of apoptosis synthetic BH3 domain
containing peptide was shown to induce apoptosis in oocyte lysates, cultured cells and in
vivo xenografts of human leukemia HL-60 cells (Holinger et al. 1999; Wang et al. 2000;
Cosulich et al. 1997). The goal of this project is to identify small molecule inhibitors that
can inhibit the BH3 domain interaction. Such molecules may be used as lead compounds
to develop drugs that reduce chemoresistance of cancers.

Body

Project I: Identification of caspase-8 substrate that mediates the signal
transduction from the cytoplasmic membrane to mitochondria.

Accomplished: We demonstrated that Bid is a critical intracellular signal
transducer that mediates the death signal from cytoplasmic membrane to the
mitochondria (Li et al. 1998) and we demonstrated the structural basis by which Bid
functions (Chou et al. 1998). It was puzzling at time how caspase-8 activates the
mitochondrial pathway of apoptosis as the activation of caspase-8 must be localized to
the cytoplasmic membrane where Fas receptor is located. Our work (Li et al. 1998; Chou
et al. 1998) provided the missing piece for the puzzle by demonstrating that activated
caspase-8 cleaves Bid, which is diffusely present in the cytoplasm, and the cleaved Bid
translocates to the mitochondria to induce mitochondrial damage.

Project II: Illustrating the molecular mechanism of a Thr/Ser kinase, LKB1, in
regulating p53-dependent apoptosis.

Accomplished: We demonstrated that LKB1 is a mediator of p53 dependent
apoptosis and involved in regulating spontaneous turnover of intestinal epithelial cells
(Karuman et al., 2001). With the exception of PTEN, genes that are previously known to
be involved in predisposition to breast cancer encode proteins, such as BRCA1, BRCA2
and p53, all function in the cellular response to DNA damage. There is no indication,
however, that LKB1 is involved in the cellular response to DNA damage; in fact, we
found that expression of a kinase-dead dominant negative mutant of LKBI inhibited




apoptosis induced by agents that disrupt microtubule stability, such as taxol and
vincristine, but not agents that cause DNA damage. Thus, LKB1 may represent a novel
pathway which predisposes breast cancers through monitoring microtubule dynamics.
This makes it mechanistically very interesting to examine the role of LKB1 in normal
breast development, involution and tumorigenesis. Furthermore, this work may provide a
critical missing link between the tumor suppression and spontaneous mammary epithelial
cell turnover.

Project III: Identification of small molecule chemical inhibitors of BH3 domain
interaction in Bcl-2 family.

Accomplished: We successfully identified two series of compounds that inhibit
the BH3 domain interaction in vitro and in cultured cells (Degterev et al., 2001). Using
high throughput screening of small molecule library we selected seven related inhibitors
of the interaction between antiapoptotic Bcl-2 family member Bcl-xL and BH3 peptide
from proapoptotic protein Bak. These compounds fall into two structural classes (4
BH3I-1 compounds and 3 BH3I-2 compounds) and therefore represent the perfect basis
for further SAR studies. Using a variety of in vitro approaches (pulldown, mass spec,
NMR, protein localization studies and cell-based FRET) we determined that these
compounds are capable of specifically interfering with heterodimerization of both Bcl-2
and Bcl-xL in vitro and in living cells. Cell based studies further demonstrated that
BHB3Is are able to induce apoptosis in a broad range of cells and their ability to induce
cell death is dependent on disruption of Bcl-2 interactions. Additional experiments
demonstrated inactivation of the antiapoptotic function of Bcl-xL in the cells treated with
BH3Is. NMR analyses undertaken in collaboration with the laboratory of Gerhard
Wagner at the Department of Biological Chemistry and Molecular Pharmacology of
Harvard Medical School provided the mechanistic basis for the BH3Is activity. BH3Is
were found to bind to the same hydrophobic groove as the one occupied by BH3 peptide.
Additional evidence suggested that the compounds might induce the same conformational
change in Bcl-xL as the one induced by peptide binding. Overall, these results proved
that BH3Is act as small molecule mimetics of the proapoptotic BH3 domain and induce
cell death through inactivation of the heterodimerization-dependent antiapoptotic
function of Bcl-2/Bcl-xL in vitro and in the cells.

Personnel supported by this award:
Junying Yuan (PI)

Alexei Degterev (Postdoctoral fellow)
Honglin Li (Postdoctoral fellow)

Philip Karuman (Graduate student)
Sungkwan An (Postdoctoral fellow)
Odmara Baretto-Chang (Research assistant)

Key Research Accomplishments
1. Identification of Bid as a key intracellular mediator of Fas/TNF induced apoptosis.

2. Elucidation of structural basis of Bid’s action in inducing apoptosis.




3. Tllustration of the molecular mechanism by which LKB1 regulates p53-dependent
apoptosis.

4. Identification of small molecule inhibitors of the BH3 domain interaction in the Bcl-2
family.

Reportable Outcomes (papers attached as appendices)

Li H, Zhu H, Xu C-J, and Yuan J. Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell. 1998. 94, 491-501.

Chou JJ, Li H, Salveson G, Yuan J and Wagner G. Solution structure of Bid, an
intracellular amplifier of apoptosis. 1999. Cell. 96, 615-624.

Karuman P, Gozani O, Odze RD, Zhou XC, Zhu H, Shaw R, Brien TP, Bozzuto CD, Ooi
D, Cantley LC, and Yuan J. The Peutz-Jegher gene product LKB1 is a mediator of
p53-dependent cell death. Molecular Cell. 2001. 7, 1307-1319.

Degterev A, Lugovskoy, Cardone M, Mulley B, Wagner G, Mitchison T and Yuan J.
Identification of small molecular inhibitors of BH3 and Bcl-xL interaction. Nature
Cell Biol. 2001. 3, 173-182.

Conclusions

This award has made it possible for us to characterize the molecular mechanism
of signal transduction in apoptosis mediated by caspases using cellular, biochemical and
chemical approaches. We showed that Bid is a critical intracellular signal transducer that
mediates apoptotic signals from cytoplasmic membrane to mitochondria in Fas mediated
apoptosis. LKB1, a tumor suppressor and Ser/Thr kinase, is involved in regulating p53-
dependent apoptosis. Finally, we identified two series of small molecule inhibitors of
protein-protein interaction mediated by the BH3 domain of the Bcl-2 family which may
be used as lead compounds to develop drugs in reducing the chemoresistance of cancer
cells. In summary, this idea award has allowed us to turn a number of our scientific
“ideas” into scientific facts.
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Cleavage of BID by Caspase 8 Mediates
the Mitochondrial Damage in the Fas

Pathway of Apoptosis

Honglin Li, Hong Zhu, Chi-jie Xu, and Junying Yuan*
Department of Cell Biology

Harvard Medical School

Boston, Massachusetts 02115

Summary

We report here that BID, a BH3 domain-containing
proapoptotic B¢l2 family member, is a specific proxi-
mal substrate of Casp8 in the Fas apoptotic signaling
pathway. While full-length BID is localized in cytosol,
truncated BID (tBID) translocates to mitochondria and
thus transduces apoptotic signals from cytoplasmic
membrane to mitochondria. tBID induces first the
clustering of mitochondria around the nuclei and re-
lease of cytochrome c independent of caspase activ-
ity, and then the loss of mitochondrial membrane po-
tential, cell shrinkage, and nuclear condensation in
a caspase-dependent fashion. Coexpression of Bclx,
inhibits all the apoptotic changes induced by tBID. Our
results indicate that BID is a mediator of mitochondrial
damage induced by Casps8.

Introduction

Caspase 8 (Casp8), a member of a mammalian caspase
family, has been demonstrated to play a key role in
mediating Fas-induced apoptosis (Boldin et al., 1996;
Fernandes-Alnemri et al., 1996; Muzio et al., 1996; Cryns
and Yuan, 1998). Cross-linking of the Fas receptor by
engagement of the Fas ligand or agonistic antibodies
results in the formation of so-called death-inducing sig-
nal complex (DISC), which includes adaptor protein
FADD/MORT-1 and Casp8 (Kischkel et al., 1995). The
formation of the DISC leads to the activation of Casp8,
an initiator of the downstream apoptotic process that
includes the activation of Casp3, —6, and —7 and mito-
chondrial damage (Salvesen and Dixit, 1997). Recently,
Scaffidi et al. (1998) have shown that there may be two
alternative Fas signaling pathways. In so-called Fas type
1 cells, a relatively large amount of Casp8 is recruited to
DISC upon receptor cross-linking. The activated Casp8
propagates the apoptotic signal by activating down-
stream caspases through proteolytic cleavage, as well
as by triggering mitochondrial damages that in turn acti-
vate a proteolytic cascade. In so-called Fas type Il cells,
a small amount of Casp8 is recruited to the DISC upon
receptor cross-linking, and activated Casp8 mediates
downstream apoptotic events mainly through inducing
mitochondrial damage. These studies, however, did not
reveal how active Casp8 induces mitochondrial damage.

A critical role of mitochondria in mediating apoptotic
signal transduction pathway has been demonstrated re-
cently (Vander Heiden et al., 1997). Biochemical and
structural changes of mitochondria in apoptosis include
mitochondrial swelling, disruption of mitochondrial outer

*To whom correspondence should be addressed.

membrane, mitochondrial depolarization, and the re-
lease of cytochrome c (Liu et al., 1996; Vander Heiden
et al., 1997). The release of cytochrome ¢ may trigger
the interaction of Apaf1, a mammalian CED-4 homolog,
and Casp9, which in tum results in the activation of
Casp9 (Li et al., 1997c; Zou et al., 1997). Activated Casp9
then cleaves and activates pro-Casp3, an event that
leads to the cleavage of other death substrates, cellular
and nuclear morphological changes, and ultimately, cell
death. An active site mutant of Casp9 (C287A) is able
to block activation of Casp3 by Casp9 (Li et al., 1997¢).
Overexpression of Bcl2/Bcelx, has been shown to block
all apoptosis-induced mitochondrial changes (Kluck et
al., 1997; Vander Heiden et al., 1997; Yang et al., 1997).
Since mitochondrial damage is an obligatory step in
mediating the Fas signaling in type Il but not type | cells,
Bcl2/Bclx, can inhibit Fas-induced apoptosis in type li
but not type | cells (Scaffidi et al., 1998).

Bcl2 and Bclx,, two members of the Bcl2 family, pre-
vent apoptosis induced by a variety of death stimuli
(Merry and Korsmeyer, 1997). They are localized mainly
to the outer mitochondrial, nuclear membranes and en-
doplasmic reticular membrane through their carboxy-
terminal membrane anchorage domains. Both of them
contain the Bcl2 homology domains designated BH1,
BH2, BH3, and BH4, all of which are essential for the
antiapoptotic activity of Bcl2/Bclx, (Merry and Kors-
meyer, 1997; Huang et al., 1998). The Bcl2 family also
includes a class of BH3 domain-containing death ago-
nists, which may promote apoptosis by inhibiting the
death antagonist members of the Bcl2 family (Merry and
Korsmeyer, 1997). Mutational analyses indicate that the
BH3 domain of death agonists is required for their pro-
apoptotic activity and their interactions with Bel2/Bclx,
(Chittenden et al., 1995; Wang et al., 1996; Kelekar et
al., 1997). It was recently reported that in a cell-free
Xenopus oocyte system, the BH3 domain alone can
induce cytochrome c release and the activation of cas-
pases that can be inhibited by Bcl2 (Cosulich et al.,
1997). Thus, these BH3-containing death agonists may
play an important regulatory role in mediating apoptotic
mitochondrial damage. It is not clear, however, how
these BH3 domain—containing proteins fit into the signal
transduction pathway of apoptosis and how they act to
induce mitochondrial damage.

In this study, we demonstrate that BID, a death agonist
member of the Bcl2/Bclx, family (Wang et al., 1996), is a
specific proximal substrate of Casp8 in the Fas signaling
pathway. Cleavage of BID by Casp8 releases its potent
proapoptotic activity, which in turn induces mitochon-
drial damage and, ultimately, cell shrinkage and nuclear
condensation. Expression of Belx, inhibits all the apoptotic
phenotypes induced by truncated BID (tBID), whereas
caspase inhibitors inhibit the loss of mitochondrial mem-
brane potential, cell shrinkage, and nuclear condensa-
tion, but not mitochondrial clustering and cytochrome
¢ release. Our study identified the first specific proximal
substrate of Casp8 in the Fas pathway and a critical
missing link between the activation of Casp8 and mito-
chondrial damage.
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Results

BID Is a Specific Substrate of Caspase 8 In Vitro

To identify the substrates of Casp8, we transcribed and
translated in vitro a small pool mouse spleen cDNA li-
brary in the presence of ¥S-methionine, using the meth-
ods of Lustig et al. (1997). The radioactively labeled
protein pools were incubated with either recombinant
Casp8 in bacterial lysates or control lysates and ana-
lyzed by SDS-PAGE. cDNA small pools (1700) were
screened, and the individual cDNA clones containing
candidate Casp8 substrates were isolated from positive
pools. In pool #814, a 24 kDa protein disappeared after
incubation with Casp8 (Figure 1A). This pool was subdi-
vided, and the cDNA encoding this 24 kDa protein was
isolated and sequenced. The 24 kDa protein was identi-
fied to be murine BID, a proapoptotic Bcl2 family mem-
ber whose homology to other members of the family is
limited to a BH3 domain (Wang et al., 1996). N-terminal
T7-tagged BID was cleaved by Casp8 into 15 kDa and
14 kDa fragments in vitro (due to the different contents
of methionine in these two fragments, the two *S-Met-
labeled fragments did not appear to be stoichiometric)
(Figure 1B). As the majority of the caspase substrates
identified so far are the substrates of Casp3, we deter-
mined the specificity of BID cleavage by Casp3 and —8,
using PARP as a control. *¥S-labeled proteins were incu-
bated with limited amounts of Casp3 and — 8 for different
lengths of time, and the cleavage efficiencies were eval-
uated by SDS-PAGE. As shown in Figure 1B, Casp8
cleaved most of BID but very little of PARP in 15 min,
while the contrary was true for Casp3. This in vitro cleav-
age result indicates that BID is a much better substrate
of Casp8 than of Casp3.

BID Is Cleaved In Vivo during Fas- and
TNFa-Induced Apoptosis

To examine the cleavage of BID in vivo, we generated
a polyclonal antibody against human BID protein. Using
this antibody for Western blots, we found that when
Jurkat cells were induced to undergo apoptosis by anti-
Fas antibody, BID was initially cleaved to a 15 kDa frag-
ment and further to a 13 kDa fragment. The cleavage
event occurred in the early stage of apoptosis and was
comparable to the time courses of Casp7, -8 activation
and PARP cleavage in Jurkat cells (Figure 2A). To rule
out the possibility that the 15 kDa and 13 kDa BID frag-
ments are newly synthesized novel protein products
recognized by the BID antibody, we induced Jurkat cells
to undergo apoptosis in the presence of cycloheximide
(CHX), an inhibitor of protein synthesis, and anti-Fas
antibody. The cleavage patterns of BID, Casp7, —8, and
PARP were examined by immunoblotting. We found that
the appearance of the BID fragments was not altered
by the presence of CHX (data not shown). Thus, the
15 kDa and 13 kDa BID fragments are likely to be the
cleavage products of full-length BID induced by apopto-
sis. The amount of the 15 kDa peptide was constant
during the time course of apoptosis, possibly due to its
rapid conversion to the 13 kDa peptide and subsequent
degradation. The cleavage of BID in Fas-induced apo-
ptosis was inhibitable by 100 .M of zZVAD-fmk, a peptide
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Figure 1. BID Is a Preferred Substrate of Caspase 8 In Vitro

(A) Primary screening of caspase substrates by small pool in vitro
expression cloning. Different pools of *S-labeled proteins were in-
cubated with bacterial lysates containing either no caspase (a),
Casp?2 (b), or Casp8 (c) for 2 hr at 37°C. The reactions were termi-
nated and analyzed by 12% SDS-PAGE. An arrow points to a band,
later identified as murine BID, that disappeared in the presence of
Casp8.

(B) BID is a better substrate of Casp8 than of Casp3. *S-labeled
N-terminal T7-tagged BID was incubated with either Casp3 or Casp8
forindicated time periods, and the cleavage products were analyzed
by 15% SDS-PAGE.

inhibitor of caspases (Figure 2B). To confirm the cleav-
age of BID in vivo and to determine the approximate
site of cleavage, we transiently transfected C-terminal
Flag-tagged murine BID into HelLa cells, which were
then treated by TNFa and CHX to induce the activation
of Casp8 and apoptosis. A Western blot of the cell lysate
was blotted by anti-FLAG antibody (Figure 2C). A 16
kDa Flag-tagged peptide was present in the apoptotic
lysate and absent in the control lysate, confirming our
in vivo cleavage data and suggesting that the cleavage
site of BID is in the N-terminal portion of the protein.

i3

|



Transducing Fas Signal by Casp8 Cleavage of BID
493

A B

T= 0 1 2 4 8 12 hrs
MW

21 __”.-u«q<-p24

P p15

BID

- e o —a—Pl3

- PS5
Casp-8 46 -~ .

C

¢ e p35
Casp-7

21 —~ - D U a— <—p20 30 — .

PO

v e iy v - P89

- pll6

PARP 100 -~

145~
Tubulin 55 ~ “SveEE———— - 55

% of Viability 100 77 67 37 24 11

Determination of Cleavage Sites of BID

Two potential caspase cleavage sites reside in the N-ter-
minal portion of murine BID: %*Leu-GIn-Thr-Asp-Gly®
(LQTDG) and "lle-Glu-Pro-Asp-Ser™ (IEPDS) (the cor-
responding sequences for human BID are SLQTDG®
and ?IEADS’). They match perfectly with the preferred
cleavage sites for Casp8 and granzyme B, respectively,
as determined by combinatorial peptide library screen-
ing (Thornberry et al., 1997). To confirm that they are
indeed the cleavage sites for Casp8 and granzyme B,
we mutated the two Asp residues to Glu either individu-
ally or both (namely mutant D59E, D75E, and DM). As
shown in Figure 3A, N-terminal T7-tagged wild-type BID
was completely cleaved by Casp1, -8, and granzyme B,
and partially cleaved by Casp2 and 3. D59E BID mutant
was only cleaved by granzyme B, not by caspases, while
D75E BID mutant was cleaved efficiently by caspases,
but not by granzyme B, suggesting that D75 is the cleav-
age site for granzyme B while D59 is the caspase cleav-
age site. As expected, the double mutant BID (DM BID)
was cleaved by neither the caspases nor granzyme B.
Two fragments of BID, a 15 kDa and a 14 kDa, were
generated by caspase cleavage. The 14 kDa peptide was
shifted to 13 kDa when a wild-type BID without N-ter-
minal tag was cleaved by Casp8 (data not shown), sug-
gesting that the 15 kDa peptide is the C-terminal part
of BID and the 14 kDa peptide is the N-terminal portion
with an anomalous mobility in SDS-PAGE. As an addi-
tional proof, the cleavage of BID by granzyme B gener-
ated a smaller C-terminal fragment and a larger N-termi-
nal fragment that overlapped each other on SDS-PAGE
(Figure 3A).

The Proapoptotic Activity of BID Strongly

Depends upon Its Cleavage

BID was previously identified as a death agonist (Wang
et al., 1996). Thus, it is interesting to examine whether
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Figure 2. BID Is Cleaved In Vivo during Fas-
and TNFa-Induced Apoptosis

(A) Time course of BID cleavage in Fas-induced
apoptosis of Jurkat cells. The cell viability
was determined by MTT assay and shown at
the bottom of the figure.

(B) BID cleavage was inhibited with zZVAD-
fmk. Jurkat cells were preincubated with 100
wM of zVAD-fmk for 30 min and then incu-
bated with anti-Fas antibody for 5 hr. Total
cell lysates were prepared and blotted with
anti-BID antibody. Arrows point to the full-
length BID (p24) and two cleavage products,
p15 and p13.

(C) C-terminal Flag-tagged BID was cleaved
in TNFa-induced apoptosis of Hela cells.
Twenty-four hours after transient transfection
of BID-Flag, Hela cells were treated with ei-
ther 1 wg/m! CHX alone (=) or 10 ng/m! TNFa
and 1 pg/ ml CHX (+) for 4 hr. Total cell lysates
were subjected to Western blotting using ei-
ther anti-Flag or anti-Casp8 antibodies. The
molecular weight standard is shown on the
left. A 16 kDa fragment is present specifically
in the apoptotic HelLa cells transfected with
BID-flag.
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its proapoptotic activity is enhanced by its cleavage.
We cotransfected a LacZ construct with either wild-type
BID or its cleavage-defective mutants into Hela cells
and then treated the cells with TNFa and CHX for 4
hr. The percentages of cell death expressing BID was
determined by X-Gal staining. While 4 hr treatment of
TNFa and CHX induced 54% of LacZ-transfected cells
to die (LacZ-transfected control cells without treatment
showed 3.8% of cell death, and WT BID-transfected cells
without treatment showed 9.3% of cell death), the same
TNFa and CHX treatment induced 91.5% of WT and
92.2% of D75E BlID-transfected cells to die, respec-
tively. Thus, the expression of wild-type and D75E BID
increased TNFa-induced cell death by 69.4% and 69.5%,
respectively, as shown in Figure 3B. In contrast, trans-
fection of D59E and DM mutant BID had insignificant
effects on TNFa-induced Hela cell death (12.5% and
5.9%, respectively). The expression of BID and its mu-
tants in transfected Hel a cells after TNFa treatment was
also examined. Wild-type and D75E BID were cleaved
into a 16 kDa fragment, but D59E and DM BID were not
(Figure 3C). Thus, the proapoptotic activity of BID is
strongly dependent upon its cleavage by Casp8 at D59.

The Cleaved BID Is a Potent

Apoptosis-Inducing Agent

Most of the death agonists in the Bcl2 family contain a
BH3 domain that is essential for their Bel2 binding and
proapoptotic activity (Chittenden et al., 1895; Wang et
al., 1996; Kelekar et al., 1997) and capable of inducing
caspase activation in a cell-free Xenopus oocyte system
(Cosulich et al., 1997). It is possible that once BID is
cleaved, the truncated portion containing the BH3 do-
main becomes lethal to cells. To investigate this possi-
bility, we transiently transfected the C-terminal portion
of BID (residue 60-195) (tBID) into Rat-1 fibroblast cells.
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Figure 3. Proapoptotic Activity of BID Strongly Depends upon Its
Cleavage

(A) Determination of cleavage sites of BID. *S-labeled wild-type BID
or its mutants were incubated with either caspases or granzyme B
and analyzed by SDS-PAGE. BID was cleaved by caspases into two
fragments: the larger one (15 kDa) was the C-terminal fragment, and
the smaller one (14 kDa) was the N-terminal fragment. The cleavage
products of granzyme B overlapped each other.

(B) Wild-type BID and D75E mutant promoted TNF«-induced apo-
ptosis of HelLa cells, while caspase cleavage-defective mutants
(D59E and DM) did not. HelLa cells were transfected with either the
expression constructs of Bid or its mutants with LacZ construct
overnight and treated with 10 ng/ml TNFe and 1 pg/mi CHX for 4
hr. After fixation, X-Gal staining was performed, and the percentage
of cell death was scored by cell morphology of blue cells (flat, well-
attached versus round blue cells) as before (Miura et al., 1993).
(C) Cleavage of wild-type BID and its mutants in vivo. Hela cells
were transfected with the expression constructs of Bid or its mutants
overnight and then treated with TNFa and CHX for 4 hr. The cell
lysates were blotted with anti-Flag antibody. Arrows point to the
full-length Flag-tagged BID (p25) and its cleavage product, p16.

As shown in Figure 4A, full-length BID could not induce
apoptosis, while tBID induced apoptosis very rapidly
and efficiently. tBID-induced cell death was inhibited
completely by Bclx, and zVAD-fmk, partially by Bcl2,
but not at all by CrmA. This result suggests that the N
terminus of BID has an inhibitory effect to its proapo-
ptotic activity, and its removal by caspase cleavage
yields tBID that is an effective inducer of downstream
apoptotic events. The apoptosis-inducing activity of
tBID is completely inhibited by Bclx,, suggesting that
BID may function upstream of Bclx,/Bcl2. As CrmA can
inhibit Casp1 and Casp8, but not other caspases (Zhou
et al., 1997), the failure of CrmA to inhibit tBID-induced
apoptosis is consistent with the hypothesis that BID
acts downstream of Casp8.
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Figure 4. BID Acts Downstream of Casp8 and Upstream of Belx, in
Fas-Induced Apoptosis

(A) tBID-induced apoptosis of Rat-1 cells. Rat-1 cells seeded in
6-well plate were transfected with either 1 g pcDNA-Bid or 0.25
ug pcDNA-tBid along with 1 pg LacZ construct. For different cell
death inhibitors, 0.25 pg tBID was cotransfected with either 1 pg
Belx,, 1 ng Bel2, or 1 j1g CrmA-expressing constructs, along with
1 pg LacZ construct. ZVAD- fmk (100 uM) was added half an hour
before transfection of tBid was performed. After 8 hr transfection,
cells were fixed and X-Gal stained, and cell death percentage was
scored by cell morphology of blue cells.

(B) Time course of BID cleavage in vivo. MCF7/Fas and MCF7/Fas/
Bclx, cells were incubated with anti-Fas monoclonal antibody 7C11
(1:500) in the presence of 1 pg/ml CHX for different periods of time
as indicated. Total cell lysates were then subjected to Western
blotting analysis using antibodies against BID, Casp8, Casp7, and
PARP. Arrows point to p24 (full-length BID), p15 (cleaved BID), p55
{full-length Casp8), p18 (cleaved Casp8), p35 (full-length Casp7),
p20 (cleaved Casp7), p116 (full-length PARP), and p89 (cleaved
PARP).

BID Acts Downstream of Caspase 8 and Upstream
of Belx, in Fas-Induced Apoptosis

To examine whether BID is a specific proximal substrate
of Casp8 and whether it operates upstream of Bclx,/
Bcl2, we used MCF7/Fas and its Bclx, stable cell lines.
It has been shown that in MCF7 cells, Bclx,_ can prevent
Fas- and TNFa-induced cell death and inhibit down-
stream caspase activation even though Casp8 is acti-
vated (Medema et al., 1998; Srinivasan et al., 1998). As
shown in Figure 4B, the cleavage profile of BID corre-
lated perfectly with the activation of Casp8, both of



Transducing Fas Signal by Casp8 Cleavage of BID
495

A

Hoechst anti-Flag
BID-Flag .
Hoechst anti-Flag

tBID-Flag

AR
B s < o <« ﬁ
| o) E E e E
= Pt P e
=] Ny n
E 588ELEEET
BID ! -
tBID—» “
C BID-Flag -+ - D
tBID-Flag - - +
Bel-x, + + o+
IP. Fiag
‘WB: Bcl-x,, - <—BCI-xL BID'>
IP. Fia IgGLC
m%: e < BID-Flag tBID->

wme -a—tBID-Flag

which were not altered by expression of Bclx,. In con-
trast, the activation of Casp7 and the cleavage of PARP
were delayed and partially inhibited by overexpression
of Belx,. This result strongly supports our hypothesis
that BID is a specific proximal substrate of Casp8 during
Fas-induced apoptosis that functions upstream of Bclx,.

Truncated BID Has a Stronger Affinity for Belx,

than the Full-Length BID

How does tBID induce apoptosis? It was proposed that
BID, which localizes in cytoplasmic as well as in mem-
brane fractions, acts as a ligand to Bcl2/Bclx, and Bax
(Wang et al., 1996). We examined whether tBID behaves

anti-Bel-x,

P < Bclx,

Figure 5. Truncated BID Has a Stronger Af-
finity for Belx, than Its Precursor

(A) tBID was colocalized with Bclx,. Con-
structs expressing BID-Flag or tBID-Flag fu-
sion proteins were transiently transfected
into HeLa/Bclx, stable cells. Immunohisto-
chemistry was performed using anti-Flag an-
tibody M2 and anti-Bclx, antibody.

(B) In vitro interactions between BID and Bclx,
or Bax. ¥S-labeled BID or its cleaved form
was incubated with either GST-Bclx, or GST-
Bax bound to glutathione-agarose beads.
After 3 hr incubation and three washes, the
bound BID or tBID was analyzed by SDS-
PAGE and autoradiography.

(C) In vivo interactions between BID and
Belx,. Constructs expressing BID-Flag or
tBID-Flag were cotransfected with Belx, con-
struct into HEK 293T cells. BID-Flag or tBID-
Flag was immunoprecipitated by anti-Flag
M2 affinity gel in the presence of 0.25% non-
ionic detergent IGEPAL CA-630 and Western
blotted using anti-Bclx, antibody and M2 anti-
Flag antibody, respectively.

(D) In vitro interaction between BID and Bclx,

in the absence of nonionic detergent. %S-
labeled BID or tBID was incubated with GST-
Bclx, in a binding buffer without any nonionic
detergent, and the bound BID or tBID was
subjected to SDS-PAGE and autoradiog-
raphy.
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the same as its precursor. When tBID was overexpressed
in HelLa/Bclx_ stable cells, tBID colocalized with Belx,
(Figure 5A), suggesting that BID is translocated from
cytoplasm to the membrane compartments when cleaved
by Casp8. In contrast, the full-length BID was evenly
distributed in every cellular compartment (Figure 5A).
As BID does not have a membrane anchorage domain,
one possible mechanism of translocation is that tBID
has a stronger affinity to Bclx, than its precursor. To
test this hypothesis, we examined the interaction be-
tween tBID and Bclx, in vitro and in vivo. We incubated
¥S-labeled BID or tBID with GST-Bclx, in vitro in the
presence of 0.25% nonionic detergent IGEPAL CA-630,
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and the amount of bound BID or tBID was analyzed by
SDS-PAGE. As estimated by intensities of the corre-
sponding bands, tBID has approximately 10-fold higher
affinity toward GST-Bclx, fusion protein compared to its
full-fength precursor (Figure 5B), while the interaction
between {BID and GST-Bax was undetectable. To exam-
ine the interaction of BID with Bclx, in vivo, we cotrans-
fected the C-terminal Flag-tagged BID or its truncated
form with Bclx, into HEK 293T cells and immunoprecipi-
tated with anti-Flag M2 affinity gel in the presence of
0.25% nonionic detergent IGEPAL CA-630. The expres-
sion level of tBID was much lower than that of its precur-
sor (data not shown). As shown in Figure 5C, much more
Bclx, was coimmunoprecipitated with tBID than with
full-length BID, and the difference was estimated around
20-fold by phosphoimager. It was reported that the pres-
ence of detergent in coimmunoprecipitation experi-
ments affects the conformation of Bax and its interaction
with Bcl2/Bclx, (Hsu and Youle, 1997), so we examined
the interaction between BID and Bclx, in the absence
of detergent. The interaction between the full-length BID
and GST-Bclx_ in the absence of detergent was not
significantly different from the background, while the
tBID C-terminal fragment, but not the N-terminal frag-
ment, still bound effectively to Bclx, (Figure 5D). Thus,
our in vivo and in vitro data indicate that the N-terminal
domain of BID may have an inhibitory function, and the
removal of the N-terminal domain exposes BID’s BH3
domain to allow efficient interactions with other pro-
teins.

Truncated BID Induces Mitochondrial Damage,

Cell Shrinkage, and Nuclear Condensation
Mitochondrial damage and release of cytochrome ¢
have been identified as key events in mediating activa-
tion of downstream caspases in apoptosis (Liu et al.,
1996; Shimizu et al., 1996; Susin et al., 1996). Occurrence
of these events is prevented by overexpression of Bcl2/
Belx, (Kluck et al., 1997; Vander Heiden et al., 1997;
Yang et al., 1997). We postulated that tBID may be able
to mediate mitochondrial damage that is inhibitable by
Bclx,. Toillustrate the downstream events resulting from
the cleavage of BID, we used an ecdysone-inducible
system in which the tBID-GFP fusion gene was placed
under the control of an ecdysone-inducible promoter.
After transient transfection of tBID-GFP and transactiva-
tor pVgRXR overnight, the expression of tBID-GFP was
induced by addition of 1 1M of muristerone A, an ecdy-
sone analog, and examined by appearance of green
fluorescence. Green fluorescence of tBID-GFP could be
detected as early as 2 hr after induction (data not
shown). Mitochondrial integrity was examined by fluo-
rescent dye mitotracker, whose uptake depends on mi-
tochondrial membrane potential, immunostaining of cy-
tochrome ¢, which resides between inner and outer
mitochondrial membranes, and cytochrome ¢ oxidase
subunit Vic (COX VIc), which resides within the inner
mitochondrial membrane. The change of nuclear mor-
phology was monitored by Hoechst dye staining. In the
early stage of tBID-induced apoptosis, when nuclear
morphology was largely normal, the signals of mito-
tracker, immunostaining of cytochrome ¢, and COX Vic

began to fade in the periphery of the cells and became
clustered around nuclei forming a ring (data not shown).
As the apoptotic process proceeded, cells shrank and
nuclei began to condense and fragment, and both sig-
nals of mitotracker and cytochrome ¢ immunostaining
became diffused, while immunostaining of COX Vic be-
came intensified around shrunk nuclei (Figure 6A). This
result suggests that tBID induces the clustering of mito-
chondria, release of cytochrome ¢, loss of mitochondrial
membrane potential, cell shrinkage, and nuclear con-
densation. Green fluorescence of tBID-GFP exactly over-
lapped with COX Vlc immunostaining in the early and
late stages, further suggesting that tBID is targeted to
the mitochondria.

Bclx, and Caspase Inhibitors Inhibit Distinct Steps

in Apoptosis Induced by Truncated BID

To elucidate the mechanism of tBID-induced apoptosis,
we examined the effects of various cell death inhibitors,
such as CrmA, p35, ZVAD-fmk, Casp9 (C287A) dominant
negative mutant (DN), and Bclx,, on tBID-induced mito-
chondrial damage, cell shrinkage, and nuclear conden-
sation. Ninety-eight percent of MCF7/Fas cells under-
went cell shrinkage and nuclear condensation and
fragmentation at 4 hr after induction of tBID-GFP (Fig-
ures 6A and 6B). Among caspase inhibitors, CrmA had
no effect, and p35 had a modest effect (32% inhibition),
while zZVAD-fmk inhibited most of tBID-induced cell
shrinkage and nuclear condensation (90% inhibition)
(Figures 6B and 6C), indicating that the caspase activity
is required for tBID-induced cell shrinkage and nuclear
condensation. Casp9 DN mutant also inhibited tBID-
induced cell shrinkage and nuclear condensation, but
was less effective than zVAD-fmk (71% inhibition) (Fig-
ure 6B), suggesting that BID acts upstream of Casp9/
cytochrome c/Apaf1 pathway. Thirty hours after induc-
tion, most of the cells remained normal in the presence
of zZVAD-fmk (85%), while only 30% of nuclei were nor-
mal in the presence of Casp9 DN mutant (data not
shown), indicating that Casp9 DN mutant can only delay,
not block, the apoptotic process induced by tBID. Com-
pared to other inhibitors, Bclx,, which completely inhib-
ited tBID-induced cell shrinkage and nuclear condensa-
tion, was the most effective antagonist of tBID’s function
(Figures 6B and 6D).

Although zVAD-fmk, Casp9 DN, and Bclx_have com-
parable effects on tBID-induced cell shrinkage and nu-
clear condensation, they had very different effects on
tBID-induced mitochondrial damage. As shown in Fig-
ure 6D, the distribution of mitotracker, cytochrome c,
and COX Vlc in tBID/Bclx—expressing cells was the
same as that in normal cells where green fluorescence
of tBID-GFP overlapped with mitotracker signals and
immunostaining of cytochrome ¢ and COX Vlc. In con-
trast, in the presence of zZVAD-fmk, the signal of mito-
tracker disappeared from the peripheral region of cyto-
plasm and became aggregated around the nuclei, while
immunostaining of cytochrome ¢ completely disap-
peared (Figure 6C), suggesting that zZVAD-fmk inhibits
the loss of mitochondrial inner membrane potential but
not the release of cytochrome ¢ induced by tBID. The
Casp9 DN mutant has a similar but less effective inhibi-
tory activity (data not shown). As COX is an enzyme
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Figure 6. Differential Effects of Bclx, and zVAD-fmk on Truncated BID-Induced Apoptosis

(A) tBID-induced mitochondrial depolarization and the release of cytochrome c¢. MCF7/Fas cells were transfected with pIND-tBID-GFP and
pVgRxR overnight and induced with muristerone A for 4 hr. For mitotracker staining, 300 nM Mitotracker CMTMRos was added into medium
and then cells were fixed. For immunohistochemistry, cells were then fixed and immunostained with either anti-cytochrome ¢ antibody or
anti-COX Vlc antibody. Arrows indicate the cells expressing tBID-GFP fusion protein.

(B) Effects of different cell death inhibitors on tBID-induced nuclear condensation. pIND-tBID-GFP and pVgRxR were transfected into MCF7/
Fas or in combinations with different cell death inhibitors: CrmA, p35, Casp9 DN mutant, and Bclx,. After overnight transfection, 1 uM of
muristerone A was added into medium (for ZVAD-fmk, cells were incubated with 100 pM of zZVAD-fmk for half an hour prior to the addition
of muristerone A). After 4 hr induction, cells were fixed and washed with PBS and then incubated with 1 ng/ml of Hoechst dye. Percentage
of nuclear condensation was scored by nuclear morphology.

(C) ZVAD-fmk~inhibited tBID-induced loss of mitochondrial membrane potential, indicated by the ability of mitochondria to uptake mitotracker,
cell shrinkage, and nuclear condensation, but not mitochondrial clustering and cytochrome c release. Cells were incubated with 100 uM of
ZVAD-fmk for half an hour prior to addition of muristerone A. Similar experiments described in (B) were performed. Arrows indicate the cells
expressing tBID-GFP fusion protein.

(D) Belx, completely inhibited all apoptotic morphological changes induced by tBID. Bclx, construct was cotransfected into MCF7/Fas cells
along with pIND-tBID-GFP and pVgRxR. After overnight transfection, similar experiments described in (B} were performed. Arrows indicate
the cells expressing tBID-GFP fusion protein.

Hoechst tBID-GFP anti-cytochrome C

localized in the inner membrane of mitochondria, immu- Truncated BID Induces the Release

nostaining of COX Vic is an indication of mitochondrial
distribution. In contrast to the disappearance of cyto-
chrome c immunostaining in the presence of zZVAD-fmk,
the signal of COX VIc immunostaining remained largely
clustered around nuclei and overlapped with the tBID-
GFP signal (Figure 6C). Taken together, these results
suggest that tBID induces the redistribution of mito-
chondria and the release of cytochrome ¢ in a caspase-
independent process but does not cause a complete
disruption of mitochondrial inner membrane in the pres-
ence of caspase inhibitors.

of Cytochrome c from Purified

Mitochondria In Vitro

To examine the mechanism by which BID mediates mito-
chondrial damage, we evaluated its ability to induce
cytochrome c release from partially purified mitochon-
dria in a cell-free system. Partially purifed mitochondria
were incubated with purified full-length BID or its trun-
cated form, and the release of cytochrome ¢ was exam-
ined. As shown in Figure 7, both full-length and tBID
were able to induce the release of cytochrome c from
mitochondria, but tBID was much more efficient than




Cell
498

BID BID
0 100 500 50 ng

s qoow QN = cytoC

Figure 7. Truncated BID Induced the Release of Cytochrome ¢ from
Partially Purified Mitochondria In Vitro

Purified recombinant BID or tBID were incubated with partially puri-
fied mitochondria from mouse liver, and the released cytochrome
¢ was examined by immunoblotting.

full-length BID. This result is consistent with our in vivo
observation that tBID is more potent in its proapoptotic
activity than its precursor.

Discussion

A number of BH3-containing death agonists of the Bcl2
family have been recently identified. Among them, a
group of so-called “BH3-only” death agonists, including
Bik/Bbk, BID, Hrk/DP5, and newly identified Blk and
Bim, seem to be more potent in their apoptosis-inducing
activity than other death agonists in the family that con-
tains additional BH1 and BH2 domains such as Bad.
Identification of C. elegans egl-1 as a general compo-
nent of programmed cell death machinery indicates that
BH3-containing death agonists are important regulators
in apoptosis (Conradt and Horvitz, 1998). The BH3 do-
main is the only homologous region shared by these
BH3-only death agonists, indicating that they may use
a common BH3 domain-mediated mechanism to induce
apoptosis, although the regulation of their activities may
be different from each other. BID differs from other BH3-
only molecules by two characteristics: the absence of
a C-terminal hydrophobic membrane anchor, and the
presence of two perfect cleavage sites for Casp8 and
granzyme B, respectively, which are not found in other
BH3-only molecules. Although overexpression of full-
length BID can induce apoptosis in certain cells (data
not shown; Wang et al., 1996), its truncated form is much
more potent, indicating that caspase cleavage is one of
the mechanisms to regulate its proapoptotic activity. It
was recently reported that death antagonists of the Bcl2
family, such as CED-9, Bcl2, and Bclx,, can be cleaved
by caspases (Cheng et al., 1997; Xue and Horvitz, 1997,
Clem et al., 1998), indicating that caspase cleavage of
Bcl2 family members is evolutionarily conserved and
diversified.

We presented the evidence of BID translocation from
cytosol to mitochondria during propagation of a death
signal. Such translocation during apoptosis has been
observed for two additional members of the Bcl2 family,
Bax and BAD. It was reported that Bax moves from
cytosol to mitochondria during apoptosis, although the
regulatory mechanism of Bax translocation is unclear
(Wolter et al., 1997). BAD exhibits a similar behavior
when FL5.12 cells are starved for IL-3 and the transloca-
tion is regulated by protein phosphorylation (Zha et al.,
1996). Translocation from cytosol to mitochondria may
be an important activating mechanism for the proapo-
ptotic members of the Bcl2 family and the propagation
of apoptotic signals intracellularly. Caspase cleavage-

induced BID translocation represents a novel mecha-
nism to release the proapoptotic potential of BID, per-
haps by removing the inhibitory N-terminal domain,
exposing BH3 domain and allowing tBID to interact with
its receptor on the mitochondria.

Availability of different cell death inhibitors allowed
us to map accurately the position of BID in the Fas
signaling pathway and to study the downstream events
after BID cleavage. The first detectable morphological
change induced by tBID is the clustering of mitochon-
dria around the nuclei at a stage when cytochrome ¢
appears to remain largely within the mitochondria and
mitotracker uptake is normal. Such movement of mito-
chondria has not been detected previously during the
Fas-induced apoptosis, which may be because of two
reasons. First, Fas-induced apoptosis can activate mul-
tiple apoptotic downstream events that occur very fast,
and thus it may be difficult to capture such an intermedi-
ate step. Second, caspase inhibitors such as CrmA, p35,
and zVAD-fmk are all effective inhibitors of Casp8, and
thus they inhibit the activation of Casp8 itself and pre-
vent the activation of downstream events altogether.
Truncated BID allows us to bypass the requirement of
Casp8 to dissect the downstream events of the Fas
pathway. Why do mitochondria appear to be clustering
around nuclei in the early stage of tBID-induced apopto-
sis? One possible explanation is that mitochondria are
damaged sequentially, with mitochondria closest to the
cytoplasmic membrane being damaged first. Alterna-
tively, tBID may be able to induce not only mitochondrial
leakage but also their detachment from cytoskeletal
structure, resulting in their collapsing around nuclei.
More experiments will be done to distinguish these two
possibilities.

The second detectable morphological change in tBID-
induced apoptosis appears to be the release of cyto-
chrome ¢ while mitotracker uptake is still normal. In the
presence of ZVAD-fmk, we can see rings of mitochondria
that are mitotracker-positive and COX Vic-positive,
while cytochrome ¢ immunostaining has disappeared.
Since cytochrome c resides between the inner and outer
mitochondrial space, mitotracker uptake depends upon
mitochondrial membrane potential, and COX Vic resides
in the inner mitochondrial membrane, our results sug-
gest that tBID may be able to cause disruption of the
outer mitochondrial membrane directly, while the dis-
ruption of inner mitochondrial membrane needs the
help from caspase. Our results are consistent with the
observation of Vander Heiden et al. (1997), who have
suggested that in apoptosis the disruption of outer mito-
chondrial membrane occurs before the loss of mito-
chondrial membrane potential, which is mainly an indi-
cation of the inner mitochondrial membrane integrity.
Our results are also consistent with the observation of
Bossy-Wetzel et al. (1998), who showed that the loss of
mitochondrial membrane potential, but not cytochrome
c release of CEM and Hel a cells induced by UVB irradia-
tion or staurosporine treatment, can be inhibited by
zVAD-fmk. We suggest that BID or related BH3 domain-
containing proteins may be involved in inducing mito-
chondrial damage in apoptosis induced by other stimuli
as well, although the mechanism of activation may be
different.
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Although caspase inhibitors such as Casp9 DN, p35,
and zVAD-fmk are unable to inhibit the early mitochon-
drial damages induced by tBID, they can inhibit the loss
of mitochondrial membrane potential, cell shrinkage,
and nuclear condensation induced by tBID with different
effectiveness. While CrmA does not inhibit tBID-induced
cell death, and p35 has a modest effect, ZVAD-fmk is
very effective in inhibiting tBID-induced nuclear conden-
sation and in halting apoptotic process at an early stage
when mitochondria cluster around normal-looking nu-
clei. The inhibitory activity of Casp9 DN mutant is similar
to that of zVAD-fmk but less effective. Although this
spectrum of inhibitor profile does not allow us to identify
positively the critical caspase(s) involved in this process,
it does suggest, however, that the release of cytochrome
¢ may not be the only critical event downstream from
the mitochondrial damage induced by tBID, since Casp9
DN is only partially effective in inhibition of tBID-induced
cell death. This conclusion is also supported by the fact
that tBID induces apoptosis of MCF7/Fas cells effec-
tively, while microinjection of cytochrome ¢ to MCF7/
Fas cells does not induce apoptosis (Li et al., 1997a).
Alternatively, tBID may activate downstream caspases
by a cytochrome c-independent pathway in which tBID
simply competes Bclx, from Bclx /Apaf1/caspase com-
plex and activates downstream caspases. The observa-
tion that the Apaf1/Casp9/Bclx, complex exists (Hu et
al., 1998; Pan et al., 1998) provides additional support
for this model. These two mechanisms, however, are
not mutually exclusive, and the mechanism by which
tBID acts may be cell type-specific.

In contrast to caspase inhibitors, Bclx, can fully block
the tBID’s activity. Thus, the interaction of tBID with
Bclx, must be the key to its ability to induce apoptosis.
Kelakar et al. (1997) reported recently that wild-type
BAD fails to induce apoptosis in response to growth
factor withdrawal when cells are protected by a Bclx,
mutant that does not bind to the BAD BH3 domain,
suggesting that the interaction between the BH3 domain
and Bcl2/Bclx, is critical for BH3 domain’s proapoptotic
activity. tBID may behave as an intracellular ligand for
Bclx,, which acts as the receptor in the Fas pathway.
Unlike the conventional ligand-receptor interactions at
cytoplasmic membrane, where such interactions usually
result in the activation of the receptor, the interaction
of tBID with Bclx, results in the inactivation of protective
functions of Bclx, (or may we call it the activation of
apoptotic-inducing functions of Bclx,?). Alternatively,
tBID may be capable of triggering apoptosis on its own,
which may be Bcl2/Bcelx ~inhibitable, or Bcl2/Belx, may
simply act as a neutralizer of its death-inducing activity.
These are interesting questions for future experiments.
The dimeric interactions of antiapoptotic members of
the Bcl2 family with proapoptotic members of the Bcl2
have been hypothesized to be an important mechanism
of regulation (Oltvai and Korsmeyer, 1994). Recently,
however, this view has been questioned mainly because
of two works. First, Knudson and Korsmeyer (1997) re-
ported that, in a genetic analysis, Bcl2 and Bax are able
to act independently. Second, Hsu and Youle (1997)
reported that the dimeric interaction of Bcl2 and Bax
can only be detected in the presence of detergent, sug-
gesting that detergent may induce specific conforma-
tional changes, exposing the interacting domain of Bcl2

and Bax and allowing such dimerization to occur. inter-
estingly, while we can detect the interaction of full-
length BID with Bclx, in the presence of detergent, such
interaction appears to be largely absent in the absence
of detergent. In contrast, the interaction of tBID with
Bclx, is still very strong in the absence of detergent. Our
results indicate that the interaction of tBID with Bclx, is
not induced by detergent. On the other hand, nonionic
detergent appears to enhance the binding of full-length
BID with Bclx,, suggesting that detergent may be able
to induce the conformational change of BID by removing
the inhibition of N-terminal domain, a hypothesis that
can be examined directly by further experimentation.

Experimental Procedures

Construction of Mouse Spleen cDNA Small Pool

Library and in Vitro Expression Cloning

A mouse spleen cDNA library of 2 X 10° independent clones was
constructed by using a Stratagene cDNA synthesis and cloning kit
(Stratagene, La Jolla, CA), and cDNAs were inserted into EcoRI and
Xhol sites of pCS2. Pools of cDNAs and in vitro translations were
done as described by Lustig et al. (1997). The caspase cleavage
assay was performed as described previously (Li et al., 1997b).
The individual positive cDNA was identified using 96-well plates as
described (Lustig et al., 1997), was sequenced, and compared with
known sequences by searching the GenBank database.

Bacterial and Mammalian Expression Constructs of Murine

and Human Bid and Generation of Anti-BID Antibody

The original clone of murine Bid obtained from the small pool library
contained the full-length open reading frame of Bid. The standard
molecular cloning methods and PCR were used to construct various
mammalian expression vectors of murine Bid.

The full-fength human BID gene was amplified by PCR from EST
¢DNA clone 52055 (Research Genetics, Inc., Huntsville, AL) and then
cloned into the BamHlI site of pGEX-2T. GST-BID fusion protein was
purified by GST beads, GST was removed by thrombin digestion,
and the purified BID protein was injected into rats to generate poly-
clonal antibody.

To establish an inducible expression system of tBid, tBid was
inserted into BamHI site in frame with GFP (green fluorescence
protein) in pEGFP-N1 vector (CLONTECH, Palo Atlo, CA), generating
tBID-GFP fusion gene. The cassette of tBID-GFP was then cloned
into EcoRl and Notl sites of pIND (Invitrogen, San Diego, CA).

Site-Directed Mutagenesis of the Cleavage Sites of Bid

Aspartic acid residues at positions 59 and 75 of Bid were mutated
to glutamic acid individually or in combination, using QuickChange
site-directed mutagenesis kit (Stratagene), following the supplier’s
instruction. Mutated sites were verified by DNA sequencing.

Tissue Culture Cells

Jurkat cells were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), and HeLa and HEK 293T cells were cul-
tured in DMEM containing 10% FBS. MCF7/Fas and MCF7/Fas/
Bclx, stable cells were cultured in RPMI 1640 containing 10% FBS,
200 wg/ml G418, and 100 pg/ml hygromycin (Srinivasan et al., 1998).

Immunohistochemistry

For Mitotracker staining, Mitotracker CMTMRos (Molecular Probes
Inc., Eugene, OR) was added to medium in a final concentration of
300 nM, and cells were further cultured for 30 min and fixed in 4%
paraformadehyde for 15 min. Immunohistochemistry of cytochrome
¢ and COX Vic was done according to Srinivasan et al. (1998), with
minor modifications.

In Vitro and In Vivo Binding Assays

%S-labeled BID or its cleaved form was incubated with 10 p.g GST-
Bclx, in 100 pl of the binding buffer (10 mM HEPES [pH 7.5], 150
mM KCl, 5 mM MgCl,, 1 mM EDTA, and 0.25% IGEPAL CA-630) at
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4°C for 3 hr with agitation. After brief centrifugation, beads were
washed three times with 400 pl of binding buffer and resuspended
in protein sample buffer. The samples were subjected to SDS-PAGE
and autoradiography.

For in vivo binding assay, constructs expressing BID-Flag or tBID-
Flag fusion protein were cotransfected with the construct express-
ing Belx, into HEK 293T cells by a calcium-phosphate method. After
24 hr, cells were lysed in 1 ml of binding buffer, and total cell lysates
were centrifuged at 10,000 X g for 15 min. M2 anti-Flag affinity gel
(30 i) was added into the supernatant, and the resulting mixture
was incubated at 4°C for 3 hr with agitation. Following three washes,
the beads were resuspended in appropriate amounts of protein
sample buffer. The samples were subjected to Western blotting
analysis.

Cell-Free Assay for the Release of Cytochrome ¢

from Purified Mouse Liver Mitochondria

Mitochondria were purified as described by Shimizu et al. (1998).
For in vitro assay, 5 pl of purified mitochondria was incubated with
purified BID or tBID at 37°C for 1 hr. The reaction mixture was then
centrifuged at 10,000 X g for 10 min, and the supernatant was
subjected to SDS-PAGE and immunoblotting using anti-cytochrome
¢ antibody.

Acknowledgments

We thank Dr. Marc Kirschner and the members of his laboratory for
helpful advice on constructing and using the small pool expression
library, which was critical for the success of this project. We thank
Kevin Welch, Xun Clare Zhou, and members of the Yuan laboratory
for a joint effort in preparing the small pool cDNA library, which was
alot of work. We thank Dr. Arnold Greenberg for providing granzyme
B; Dr. Vishva Dixit for permission to use MCF7/Fas and MCF7/
Fas/Bclx, cells; Dr. Emad Alnemri for Casp9 DN; Drs. Yoshihide
Tsujimoto and Xiaodong Wang for protocols and advice on prepara-
tion of mitochondria; and Dr. Zhi-Jun Lu for GST-Bax. We also
thank Xun Clare Zhou, Roberto Sanchez-Olea, Suyue Wang, Louise
Bergeron, and Qiang Yu for their critical reading of the manuscript.
This work was supported in part by a postdoctoral fellowship from
National Institute of Aging (to H. L.), a grant from the Army’s Breast
Cancer Program (to J. Y.), and an American Heart Established Inves-
tigatorship {to J. Y.).

Received May 19, 1998; revised July 20, 1998.
References

Boldin, M.P., Goncharov, T.M., Goltsev, Y.V., and Wallach, D. (1996).
Involvement of MACH, a novel MORT1/FADD-interacting protease,
in Fas/APO-1- and TNF receptor-induced cell death. Cell 85,
803-815.

Bossy-Wetzel, E., Newmeyer, D.D., and Green, D.R. (1998). Mito-
chondrial cytochrome C release in apoptosis occurs upstream of
DEVD-specific caspase activation and independent of mitochondrial
transmembrane depolarization. EMBO J. 17, 37-49.

Cheng, E.H., Kirsch, D.G., Clem, R.J., Ravi, R., Kastan, M.B., Bedi,
A., Ueno, K., and Hardwick, J.M. (1997). Conversion of Bcl-2 to a
Bax-like death effector by caspases. Science 278, 1966-1968.
Chittenden, T., Flemington, C., Houghton, A.B., Ebb, R.G., Gallo,
G.J., Elangovan, B., Chinnadurai, G., and Lutz, R.J. (1995). A con-
served domain in Bak, distinct from BH1 and BH2, mediates cell
death and protein binding functions. EMBO J. 74, 5589-56596.
Clem, R.J., Cheng, E.H., Karp, C.L., Kirsch, D.G., Ueno, K., Taka-
hashi, A., Kastan, M.B., Griffin, D.E., Earnshaw, W.C., Veliuona, M.A.,
et al. (1998). Modulation of cell death by Bcl-x,_ through caspase
interaction. Proc. Natl. Acad. Sci. USA 95, 554-559.

Conradt, B., and Horvitz, H.R. (1998). The C. elegans protein EGL-1
is required for programmed cell death and interacts with the Bcl-2-
like protein CED-9. Cell 93, 519-529.

Cosulich, S.C., Worrall, V., Hedge, P.J., Green, S., and Ciarke, P.R.
(1997). Regulation of apoptosis by BH3 domains in a cell-free sys-
tem. Curr. Biol. 7, 913-920.

Cryns, V., and Yuan, J. (1998). Proteases to die for. Genes Dev. 12,
1551-1570.

Fernandes-Alnemri, T., Armstrong, R.C., Krebs, J., Srinivasula, S.M.,
Wang, L., Bullrich, F., Fritz, L.C., Trapani, J.A., Tomaselli, K.J., Lit-
wack, G., et al. (1996). In vitro activation of CPP32 and Mch3 by
Mch4, a novel human apoptotic cysteine protease containing two
FADD-like domains. Proc. Natl. Acad. Sci. USA 93, 7464-7469.
Hsu, Y.-T., and Youle, R.J. (1997). Nonionic detergents induces di-
merization among members of the Bcl-2 family. J. Biol. Chem. 272,
13829-13834.

Hu, Y., Benedict, M.A., Wu, D., Inohara, N., and Nunez, G. (1998). Bcl-
x, interacts with Apaf-1 and inhibits Apaf-1-dependent caspase-9
activation. Proc. Natl. Acad. Sci. USA 95, 4386—4391.

Huang, D.C.S., Adams, J.M., and Cory, S. (1998). The conserved
N-terminal BH4 domain of Bcl-2 homologues is essential for inhibi-
tion of apoptosis and interaction with CED-4. EMBO J. 17, 1029-
1039.

Kelekar, A., Chang, B.S., Harlan, J.E., and Thompson, C.B. (1997).
Bad is a BH3 domain-containing protein that forms an inactivating
dimer with Bcl-X.. Mol. Cell. Biol. 17, 7040-7046.

Kischkel, F.C., Hellbardt, S., Behrmann, 1., Germer, M., Pawlita, M.,
Krammer, P.H., and Peter, M.E. (1995). Cytotoxicity-dependent
APO-1 (Fas/CD95)-associated proteins form a death-inducing sig-
naling complex (DISC) with the receptor. EMBO J. 14, 5579-5588.
Kluck, R.M., Bossy-Wetzel, E., Green, D.R., and Newmeyer, D.D.
(1997). The release of cytochrome ¢ from mitochondria: a primary
site for Bel-2 regulation of apoptosis. Science 275, 1132-1136.
Knudson, C.M., and Korsmeyer, S.J. (1997). Bcl-2 and Bax function
independently to regulate cell death. Nat. Genet. 16, 358-363.

Li, F., Srinivasan, A., Wang, Y., Armstrong, R.C., Tomaselli, K.J., and
Fritz, L.C. (1997a). Cell-specific induction of apoptosis by microin-
jection of cytochrome c. Bcl-x, has activity independent of cyto-
chrome c release. J. Biol. Chem. 272, 30299-30305.

Li, H., Bergeron, L., Cryns, V., Pasternack, M.S., Zhu, H., Shi, L.,
Greenberg, A., and Yuan, J. (1997b). Activation of caspase-2 in
apoptosis. J. Biol. Chem. 272, 21010-21017.

Li, P., Nijhawan, D., Brudihardjo, I., Srinivasula, S.M., Ahmad, M.,
Alnerri, E.S., and Wang, X. (1997c). Cytochrome C and dATP-
dependent formation of Apaf-1/caspase-9 complex initiates an apo-
ptotic protease cascade. Cell 97, 479-489.

Liu, X., Kim, C.N., Yang, J., Jemmerson, R., and Wang, X. (1996).
Induction of apoptotic program in cell free extracts: requirement for
dATP and cytochrome C. Cell 86, 147-157.

Lustig, K.D., Stukenberg, P.T., McGarry, T.J., King, R.W., Cryns,
V.L., Mead, P.E., Zon, L.I, Yuan, J., and Kirschner, M.W. (1997).
Small pool expression screening: identification of genes involved
in cell cycle control, apoptosis, and early development. Methods
Enzymol. 283, 83-99.

Medema, J.P., Scaffidi, C., Krammer, P.H., and Peter, M.E. (1998).
Bcl-x, acts downstream of caspase-8 activation by the CD95 death-
inducing signaling complex. J. Biol. Chem. 273, 3388-3393.
Merry, D.E., and Korsmeyer, S.J. (1997). Bcl-2 gene family in the
nervous system. Annu. Rev. Neurosci. 20, 245-267.

Miura, M., Zhu, H., Rotello, R., Hartwieg, E.A., and Yuan, J. (1993).
Induction of apoptosis in fibroblasts by IL-13-converting enzyme,
a mammalian homolog of the C. elegans cell death gene ced-3. Cell
75, 653-660.

Muzio, M., Chinnaiyan, A.M., Kischkel, F.C., O’'Rourke, K., Shev-
chenko, A., Ni, J., Scaffidi, C., Bretz, J.D., Zhang, M., Gentz, R, et
al. (1996). FLICE, a nove! FADD-homologous ICE/GED-3-like prote-
ase, is recruited to the CD95 (Fas/APO-1) death-inducing signaling
complex. Cell 85, 817-827.

Oltvai, Z.N., and Korsmeyer, S.J. (1994). Checkpoints of dueling
dimers foil death wishes. Cell 79, 189-192.

Pan, G., O'Rourke, K., and Dixit, V.M. (1998). Caspase-9, Bcl-x,, and
Apaf-1 form a ternary complex. J. Biol. Chem. 273, 5916-5922.
Salvesen, G.S., and Dixit, V.M. (1997). Caspases: intracellular signal-
ing by proteolysis. Cell 97, 443-446.

Scaffidi, C., Fulda, S., Srinivasan, A., Friesen, C., Li, F., Tomaselli,



Transducing Fas Signal by Casp8 Cleavage of BID
501

K.J., Debatin, K.M., Krammer, P.H., and Peter, M.E. (1898). Two
CD95 (APO-1/Fas) signaling pathways. EMBO J. 17, 1675-1687.
Shimizu, S., Eguchi, Y., Kamiike, W., Waguri, S., Uchiyama, Y., Mat-
suda, H., and Tsujimoto, Y. (1996). Bc!-2 blocks loss of mitochondrial
membrane potential while ICE inhibitors act a different step during
inhibition of death induced by respiratory chain inhibitors. Oncogene
13, 21-29.

Shimizu, S., Eguchi, Y., Kamiike, W., Funahashi, Y., Mignon, A,
Lacronique, V., Matsuda, H., Tsujimoto, Y. (1998). Bcl-2 prevents
apoptotic mitochondrial dysfunction by regulating proton flux. Proc.
Natl. Acad. Sci. USA 95, 1455-1459.

Srinivasan, A., Li, F., Wong, A., Kodandapani, L., Smidt, R., Jr.,
Krebs, J.F., Fritz, L.C., Wu, J.C., and Tomaselli, K.J. (1998). Bel-x.
functions downstream of caspase-8 to inhibit Fas- and tumor necro-
sis factor receptor 1-induced apoptosis of MCF7 breast carcinoma
cells. J. Biol. Chem. 273, 4523-4529.

Susin, S.A., Zamzami, N., Castedo, M., Hirsch, T., Marchetti, P.,
Macho, A., Daugas, E., Geuskens, M., and Kreomer, G. (1996). Bcl-2
inhibits the mitochondrial release of an apoptogenic protease. J.
Exp. Med. 784, 1331-1341.

Thornberry, N.A., Rano, T.A., Peterson, E.P., Rasper, D.M., Timkey,
T., Garcia-Calvo, M., Houtzager, V.M., Nordstrom, P.A., Roy, S,
Vaillancourt, J.P., et al. (1997). A combinatorial approach defines
specificities of members of the caspase family and granzyme B.
Functional relationships established for key mediators of apoptosis.
J. Biol. Chem. 272, 17907-17911.

Vander Heiden, M.G., Chandel, N.S., Williamson, E.K., Schmacker,
P.T., and Thompson, C.B. (1997). Bcl-x, regulates the membrane
potential and volume homeostasis of mitochondria. Cell 97,
627-637.

Wang, K., Yin, X.-M., Chao, D.T., Milliman, C.L., and Korsmeyer, S.J.
{1996). BID: a novel BH3 domain-only death agonist. Genes Dev.
10, 2859-2869.

Wolter, K.G., Hsu, Y., Smith, C.L., Nechushtan, A, Xi, X., and Youle,
R.J. (1997). Movement of Bax from the cytosol to mitochondria
during apoptosis. J. Cell. Biol. 139, 1281-1292.

Xue, D., and Horvitz, H.R. (1997). Caenorhabditis elegans CED-9
protein is a bifunctional cell-death inhibitor. Nature 390, 305-308.
Yang, E., Zha, J., Jockel, J., Boise, L.H., Thompson, C.B., and Kors-
meyer, S.J. (1995). Bad, a heterodimeric partner for Bel-xl and Bcl-2,
displaces Bax and promotes cell death. Cell 80, 285-291.

Yang, J., Liu, X., Bhalla, K., Kim, C.N., Ibrado, A.M., Cai, J., Peng,
T.l., Jones, D.P., and Wang, X. (1997). Prevention of apoptosis by
Bcl-2: release of cytochrome C from mitochondria blocked. Science
275, 1129-1132.

Zha, J., Harada, H., Yang, E., Jockel, J., and Korsmeyer, S.J. (1996).
Serine phosphorylation of death agonist BAD in response to survival
factor results in binding to 14-3-3 not BCL-X,. Cell 87, 619-626.
Zhou, Q., Snipas, S., Orth, K., Muzio, M., Dixit, V.M., and Salvesen,
G.S. (1997). Target protease specificity of the viral serpin CrmA.
Analysis of five caspases. J. Biol. Chem. 272, 7797-7800.

Zou, H., Henzel, W.J., Liu, X., Lutschg, A., and Wang, X. (1997).
Apaf-1, a human protein homologous to C. elegans CED-4, partici-
pates in cytochrome c-dependent activation of caspase-3. Cell 90,
405-413.




1.

Cell, Vol. 96, 615-624, March 5, 1999, Copyright ©1999 by Cell Press

Solution Structure of BID, an Intracellular
Amplifier of Apoptotic Signaling

James J. Chou,*t Honglin Li,#

Guy S. Salvesen,§ Junying Yuan,*

and Gerhard Wagner*tll

*Committee on Higher Degrees in Biophysics

Harvard University

Cambridge, Massachusetts 02138

t Department of Biological Chemistry and Molecular
Pharmacology

$Department of Cell Biology

Harvard Medical School

Boston, Massachusetts 02115

§The Burnham Institute

San Diego, California 92037

Summary

We report the solution structure of BID, an intraceliular
cross-talk agent that can amplify FAS/TNF apoptotic
signal through the mitochondria death pathway af-
ter Caspase 8 cleavage. BID contains eight « helices
where two central hydrophobic helices are surrounded
by six amphipathic ones. The fold resembles pore-
forming bacterial toxins and shows similarity to BCL-
X, although sequence homology to BCL-X, is limited
to the 16-residue BH3 domain. Furthermore, we mod-
eled a complex of BCL-X, and BID by aligning the BID
and BAK BH3 motifs in the known BCL-X,-BAK BH3
complex. Additionally, we show that the overall struc-
ture of BID is preserved after cleavage by Caspase 8.
We propose that BID has both BH3 domain-dependent
and -independent modes of action in inducing mito-
chondrial damage.

Introduction

The intracellular FAS signal transduction pathway of
apoptosis is initiated when Procaspase 8 is recruited
to the death-induced signaling complex (DISC) through
interaction with the adapter molecule FADD/MORT1
(Boldin et at., 1996; Muzio et al., 1996). The local aggre-
gation of Procaspase 8 is sufficient to allow auto- or
transprocessing to produce active Caspase 8 (reviewed
by Green, 1998; Muzio et al., 1998; Yang et al., 1998),
which can subsequently activate executioners such as
Caspases 3, 6, and 7. An alternative amplification path-
way leading to large-scale activation of downstream
caspases is through mitochondrial damage. This path-
way is initiated upon cytochrome c release from mito-
chondria. Cytochrome c, in the presence of dATP, trig-
gers the activation of Caspase 9 through Apaf1/Caspase
9 complex formation (Li et al., 1997). For the mitochon-
dria pathway, Caspase 9 is the central initiator that acti-
vates the downstream executioners such as Caspases
3, 6, and 7. Although activated Caspase 8 can lead

lITo whom correspondence should be addressed (e-mail: wagner@
wagner.med.harvard.edu).

directly to downstream caspase activation in certain
cell types, mitochondria are the essential mediators in
others (Scaffidi et al., 1998). In cell-free Xenopus egg
extracts, the ability of small amounts of Caspase 8 to
trigger activation of downstream caspases was depen-
dent on the presence of mitochondria (Kuwana et al.,
1998). In extracts devoid of mitochondria, high concen-
trations of Caspase 8 were required to activate down-
stream caspases. However, when mitochondria were
present, the trigger of downstream caspase activation
from low concentration of Caspase 8 was vastly ampli-
fied through cytochrome c release after mitochondrial
damage.

While mitochondrial damage is the major amplification
step in the apoptotic pathway, the mitochondrion is also
the principal site of action for pro- and antiapoptotic
members of the BCL2 superfamily. The BCL2 family of
proteins shares amino acid sequence homology in one
to four regions designated the BCL2 homology (BH)
domains: BH1, BH2, BH3, and BH4 (reviewed by Kelekar
and Thompson, 1998). The two well-known antiapo-
ptotic members BCL2 and BCL-X_ are usually localized
on the cytoptasmic face of the mitochondrial outer mem-
brane. Overexpression of BCL2 or BCL-X, blocks the
release of cytochrome ¢ and aborts the apoptotic re-
sponse (Kluck et al., 1997; Yang et al., 1997). The survival
function of BCL2 has also been implicated in its binding
to the CED4-like portion of Apaf1 to thereby prevent the
activation of Procaspase 9 (Hu et al., 1998; Pan et al,,
1998). In addition, both BCL2 and BCL-X, have been
shown to form selective ion channels in lipid membranes
(Minn et al., 1997), which may regulate the mitochondrial
membrane potential and thus prevent cytochrome c re-
lease. The proapoptotic members of the BCL2 family
include BAX, which contains multiple BH homology do-
mains (BH1, BH2, and BH3), as well as a class of mole-
cules sharing only the BH3 homology, such as BIK, BAD,
BID, and EGL1 (reviewed by Adams and Cory, 1998).
The BH3 domain of the proapoptotic members of the
BCL2 superfamily has been shown to interact with anti-
apoptotic members of the family (see review by Kelekar
and Thompson, 1998). Furthermore, the BH3 domains
from proapoptotic, but not antiapoptotic, members of
the BCL2 family can induce the release of cytochrome ¢
from isolated mitochondria (Cosulich et al., 1997). These
results suggest that the heterodimerization of pro- and
antiapoptotic members of the BCL2 family may be criti-
cal for killing induced by BAX-like molecules. Recently,
however, multiple lines of evidence suggest that pro-
apoptotic functions of BAX-like molecules go beyond its
ability to bind BCL2 or BCL-X, through the BH3 domains.
Genetic studies indicated that BCL2 and BAX function
independently to regulate apoptosis in nonlymphoid cell
lineages as well as lymphoid cell lineages other than
thymocytes (Knudson and Korsmeyer, 1997). Mutagene-
sis of the BAX BH3 domain, which eliminated the ability
of BAX to interact with BCL2 and BCL-X_, did not perturb
its ability to induce apoptosis (Wang et al., 1998). These
results suggest that BAX-like molecules have an impor-
tant mechanism of killing that is independent of the BH3
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domain, although the structural basis of this mechanism
is unclear.

BID is a proapoptotic member of the BCL2 family
that shares only the BH3 domain homology with other
members of the family in its amino acid sequence. It has
recently been established as an intracellular messenger
connecting the FAS receptor and the death-inducing
complex at the cytoplasmic membrane to the mitochon-
drial death machinery (Li et al., 1998; Luo et al., 1998).
The full-length BID is inactive and present in the cyto-
solic fraction of living cells. Upon cleavage by Caspase
8, the COOH-terminal part of BID then translocates to
mitochondria and is sufficient to trigger cytochrome ¢
release in isolated mitochondria. BID demonstrates
some very unique and important properties after cleav-
age by Caspase 8. In addition to the ability of truncated
BID to translocate from cytosol to mitochondria, trun-
cated BID has at least a 10-fold higher affinity toward
BCL-X_ and is 100 times more efficient in inducing cyto-
chrome ¢ release from mitochondria compared to its
full-length precursor (Li et al., 1998). Though BAX has
also been shown to induce cytochrome c release both
in vivo and in vitro {(Jurgensmeier et al., 1998; Rosse
et al.,, 1998), the cleaved BID is a much more potent
cytochrome c-releasing factor than BAX (Luo et al.,
1998). Mutagenesis studies have also shown that trans-
location of truncated BID onto mitochondria is indepen-
dent of its BH3 domain (Luo et al., 1998). Due to its
unique (or nonhomologous) sequence, BID has not been
related to any known structures other than its BH3 do-
main. It remains to be a puzzle as to what conformational
feature of BID allows it to acquire so much more potency
in promoting cytochrome ¢ release after Caspase 8
cleavage.

In this study, we have determined the solution struc-
ture of BID using NMR spectroscopy. It consists of eight
o helices arranged in a compact fold in resemblance to
transmembrane and pore-forming proteins of bacterial
toxins, such as diphtheria toxin and the colicins, sug-
gesting its potential to form selective ion channels on the
mitochondrial membrane. Helices 6 and 7 are primarily
hydrophobic and function as two central pillars, which
are surrounded by six amphipathic helices. The struc-
ture of BID shows striking similarity to BCL-X, despite
the fact that the amino acid sequences of these two
antagonists share only a 16-residue BH3 domain and
are otherwise unrelated. Based on a structure of BCL-
X-BAK BH3 peptide complex (Sattler et al., 1997) and
the position of the BH3 domain-containing helix in BID,
we modeled the interaction between BCL-X, and the full-
length BID. We also found that the four highly conserved
hydrophobic residues of the BH3 domain that are re-
sponsible for heterodimerization are surface exposed
in BID, suggesting their readiness to bind BCL-X,. Addi-
tionally, we monitored the conformation change in BID
during Caspase 8 cleavage and found that the overall
structural integrity of BID is preserved after it is cleaved.
Analyzing ®N-'H cross peak changes upon cleavage,
conformational changes are localized and the role of
Caspase 8 cleavage in the dramatic enhancement of
proapoptotic activity of BID is elucidated. Finally, based
on structure comparison of BID and BCL-X,, along with
the recent finding that BID can promote mitochondrial

apoptosis independent of heterodimerization with BCL2
members, we propose that BID can induce mitochon-
drial damage through both BH3 domain-dependent and
-independent mechanisms.

Results and Discussion

Structure Determination

The structure of full-length BID was defined by a total
of 2202 NMR-derived distance constraints. For residues
42-78, no long-range NOEs were observed. The local
sequential NOE patterns and transverse *N relaxation
rates (data not shown) of this region are characteristic
of an unstructured and flexible loop. Interestingly, BCL-
X, also has a long flexible loop (consisting of approxi-
mately 64 residues) near the N terminus (Muchmore et
al., 1996). In addition to residues 42-78, the N-terminal
12 residues of BID, including Gly-1 and Ser-2 (which are
part of the thrombin cleavage site in the GST fusion
protein), are not defined in the structure. However, this
is because the resonances of the amide protons of resi-
dues 3-9 were not observed due to either fast amide
proton exchange with solvent (at pH 7.0) or conforma-
tional exchange on an intermediate time scale. In all
other regions, the structure is well determined. The en-
tire protein (including the loops) consists of 60% helices
(Figure 1).

Overall, the structure determination employed the
simple “local to global” strategy, which puts emphasis
on stabilizing the local order prior to determination of
the global fold. This approach is very efficient, especially
for solving structures of helical proteins (see Experimen-
tal Procedures). First, the backbone NH resonances
were rigorously confirmed by three pairs of triple-reso-
nance experiments, selective '°N labeling of Lys, Phe,
Ser, Tyr, Leu, Val, lle, and Ala residues, and sequential
short-range NOEs. The 'H and *C resonances of the side
chains were determined by various TOCSY experiments.
Second, helices were identified by both *C* chemical
shift values (Wishart and Sykes, 1994) and NH(i}-HA
(i — 3) and NH(i)-NH(i + 1) NOE patterns. Additionally,
using the short- and medium-range NOE patterns, some
of the helix-turn-helix configurations were determined.
The stabilization of local orders greatly reduced the con-
formation search space. Finally, the global fold was de-
termined by identifying key NOEs between hydrophobic
side chains. This was confirmed by analyzing 3D *N- and
8C-dispersed NOESY and 2D homonuclear 'H NOESY
experiments. Complete structural statistics and root-
mean-square deviation values are presented in Table 1.
The precision of this structure can also be assessed
from the dispersion of the 15 superimposed backbone
traces shown in Figure 2A.

Structure Overview

The three-dimensional structure of BID is illustrated in
Figure 2. Loops 1-12 and 43-77 are not displayed in
the figure because they are completely disordered. The
structured portion of BID consists of eight o helices
arranged in a compact fold (Figures 2 and 5C). The
primarily hydrophobic helices H6 and H7 are arranged
in an antiparallel manner in the core of the protein. The
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Figure 1. Amino Acid Sequences of BID and BCL-X, Aligned at the BH3 Domains (Shaded in Yellow)

There is no sequence homology between the two proteins outside the BH3 domain. Red and blue bars indicate helices identified in BID and
BCL-X,, respectively. The BH1 and BH2 domains of BCL-X_ are shaded in light blue.

other six helices are amphipathic and packed around
the two central helices. Helix H3 contains the BH3 do-
main and is fixed by hydrophobic contacts with helix
H1 and helix H8. Structure comparison of BID and BCL-
X, (Figure 2C) shows extensive conformation homology
between the two proteins (Muchmore et al., 1996) al-
though their sequences are completely unrelated out-
side the 16-residue BH3 domain (Figure 1). The major
difference between the two structures is that BID has
an extra helix (H2) in its N-terminal region. Additionally,
the flexible loop in BCL-X, between the BH3 domain-
containing helix (H2) and N-terminal helix (H1) is almost
twice as long as that in BID. By matching the structurally
homologous regions between these two molecules, we
found that H1, H3, H4, H5, H6, H7, and H8 of BID corre-
spond to H1, H2, H3, H4, H5, H6, and H7 of BCL-X,,
respectively (Figure 1).

The surface electrostatic potential of BID shown in
Figure 3A does not reveal any unusually charged re-
gions. However, BID has large hydrophobic patches on
the surface (Figure 3B). Since BID and BCL-X_ are struc-
turally similar, it is informative to compare their hy-
drophobic surfaces. Interestingly, four partially con-
served hydrophobic residues of the BH3 domain (182,
186, L90, and M97) are exposed in BID (Figures 1 and
3B), whereas those of BCL-X_ are buried (Figures 1 and
3C). As illustrated in Figure 3B, the surface of BID also
has a large hydrophobic cleft formed by L105, Y140,
V150, L151, and L154. This region remotely resembles
the hydrophobic cleft (F105, L108, and L130) of BCL-
X., which has been shown to bind BH3 death ligand
(Sattler et al., 1997). However, biological implication of
the BID hydrophobic cleft remains to be investigated.
Thus far, neither BID homodimerization nor interaction
between BID and BH3 ligand has been reported.

Structural Similarity to BCL-X, Implies

the Function of BID

Interaction between pro- and antiapoptotic members of
the BCL2 family has long been considered a crucial
mechanism for cell death induced by BAX-like members.
However, multiple lines of recent evidence suggest that
proapoptotic activities of BAX-like proteins are indepen-
dent of the heterodimerization via the BH3 domain (dis-
cussed in Introduction). Studies have also shown that

BID does not only function through heterodimerization
with BCL2. A mutant of the truncated BID, which cannot
bind BCL-X,, can still target mitochondria and induce
apoptosis very efficiently (H. L. and J. Y., unpublished
results). In a separate study, Luo et al. showed that the
BH3 mutant of the truncated BID (G94E) associated with
mitochondria to the same extent as the wild type (Luo
et al., 1998). On the other hand, heterodimerization may
be important for the functions of BID. It has been pro-
posed that heterodimerization with other prosurvival
members of the BCL2 family is essential for the proapo-
ptotic activity of the BH3 members (reviewed in Adams
and Cory, 1998; Kelekar and Thompson, 1998). As the
BH3 domain is the only homologous region that BID
shares with other members of the family, heterodimer-
ization would involve this domain. The above controver-
sies may be resolved by the structural similarity between
BID and BCL-X,. Since the structure of BID is remarkably
similar to BCL-X,, we propose that BID is able to interact
with mitochondria in a very similar way as to BCL-X_
and BAX, either by forming a selective ion channel or
interacting with some unknown receptors on the mem-
brane. BCL2 has been shown to bind the CED4-like
portion of Apafi, dependent on its N-terminal BH4 do-
main (helix H1 in Figures 1 and 2C), and thereby prevent
the activation of Procaspase 9 (Hu et al., 1998; Pan et
al., 1998). Since the truncated BID does not have the
BH4 domain, one possible proapoptotic mechanism is
that BID, upon cleavage by Caspase 8, can partially
mimic BCL-X_ in interacting with mitochondria while not
inhibiting proapoptotic molecules such as Apaf1. In-
deed, this is in line with the previous finding, which was
not well understood at the time, that cleavage of the
N-terminal BH4 domain of BCL2 by Caspase 3 can con-
vert BCL2 into a proapoptosis protein (Cheng et al.,
1997). An equally possible mechanism would be that
the cleaved BID can target the mitochondrial membrane
and form selective ion channels that counter the effect
of those formed by BCL-X,.

Model for Heterodimerization between Full-Length
BID and BCL-X,

As mentioned previously, one of the proapoptotic mech-
anisms adopted by BAX and BH3 proteins is to bind
BCL2 proteins and inhibit their antiapoptotic action via
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Figure 2. Solution Structure of BID
The flexible regions of BID (1-12 and 43-78) are not displayed.

(A) Stereoview of an ensemble of 15 out of 20 calculated structures representing the models with lowest energy (see Experimental Procedures).

Only backbone atoms (N, C*, C’) are shown.

(B) Ribbons stereodrawing of BID showing the eight helices, labeled H1-H8. This view emphasizes the position of the BH3 domain-containing

H3 and the two hydrophobic helices H6 and H7.

(C) Ribbons drawings of BID (displayed in blue) and BCL-X, (displayed in brown) showing the comparison of the two structures. The coordinates
of BCL-X, were obtained from the Protein Data Bank with the 1D code 1MAZ. The figure was generated with MOLMOL (Koradi et al., 1996).

their BH3 “death ligands.” This heterodimerization can
either prevent BCL2 from interacting with Apaf1 or affect
its ion channel formation on the mitochondria membrane
that maintains the membrane potential (reviewed by
Adams and Cory, 1998; Kelekar and Thompson, 1998).
Now we know that BID and BAX members are structur-
ally related and should interact with BCL2 in a similar

fashion. The structure of BCL-X_ in complex with the
BH3 amphipathic helix of BAK revealed that the insertion
of the BH3 helix of BAK into the hydrophobic cleft of
BCL-X_ (formed by its BH1 and BH2 domains) is a key
event in the heterodimerization between death agonist
and antagonist (Sattler et al., 1997). According to the
structure and mutagenesis studies (Sattler et al., 1997),
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Figure 3. Surface Diagrams of BID and BCL-X_
The BCL-X, coordinates were obtained from the Protein Data Bank with ID code 1MAZ. In {A), the surface electrostatic potential is color
coded such that regions with electrostatic potentials <—8 kgT are red, while those >+8 kgT are blue; kg and T are the Boltzmann constant
and temperature, respectively. In (B) and (C), surface-exposed hydrophobic residues, including Leu, Val, lle, Met, Trp, Phe, and Tyr, are colored
in light green. (A) Electrostatic potential surface of BID, showing no distinct charged regions. (B) Hydrophobic surface of BID formed primarily
by residues in H6 and H3. (C) The elongated hydrophobic cleft of BCL-X, to which the BAK BH3 peptide binds. This cleft is formed primarily
by residues in H5 and H7. The figure was generated using GRASP (Nicholls et al., 1991).

four highly conserved hydrophobic side chains of the
BAK BH3 helix point into the hydrophobic cleft of BCL-
X, and stabilize complex formation. These four residues
are V74, L78, 181, and 185, and they are aligned with resi-
dues 186, L90, V93, and M97 of the BID BH3-containing
helix (H3), respectively (Figure 1). Based on the homol-
ogy model of BAK, derived from the structure of BCL-
X, Sattler et al. found that the above four hydrophobic
residues of the BAK BH3 domain point toward the inte-
rior of the BAK protein, making these residues unavait-
able to interact with BCL-X_ (Sattler et al., 1997). This
is expected, since the corresponding residues are also
buried in BCL-X, (Figure 3C), which was the structural
template for BAK modeling. As a result, the authors
suggested that binding to BCL-X, would necessitate a
conformationa! change near the BAK BH3 helix to ex-
pose the hydrophobic surface of that helix. Furthermore,
it was pointed out that such a conformational change
is facilitated by the presence of the highly flexible loop
preceding the BH3 helix.

Interestingly, residues 186, 1.90, V93, and M37 of the
BID BH3 domain are surface exposed and ready to bind
to a hydrophobic cleft. The surface representation of BID
(Figure 3B) shows that these residues form an elongated
hydrophobic patch on H3, adjacent to H8. Among these
four residues, V93 and M97 completely point outward,
whereas 186 and L90 are partially exposed and make
contact with the hydrophobic residues on H8 (Figure
4A). Based on the information from the BCL-X-BAK
peptide complex (Sattler et al., 1997), it is likely that 186
and L90 of BID are released from H8 and turn completely
into the binding groove during heterodimerization. Addi-
tionally, the side chain of a highly conserved charged
residue D95 (which corresponds to D83 of the BAK BH3
domain) leans toward the BID interior, yet is partially
surface exposed. It is in a position to form a salt bridge
with R100 and possibly R103 of BCL-X,. This orientation
is similar to that of D83 in the BCL-X~-BAK complex
structure. Since the BH3 helix of BID seems to be readily
inserted into the hydrophobic cleft of BCL-X,, we tested
whether BID can be docked to BCL-X, without any ste-
reochemical conflict. By superimposing precisely the
BH3 helix of BID and that of BAK (in complex with BCL-
X)), we were able to obtain a heterodimer mode! in which

the binding surfaces of the two molecules complement
each other reasonably well (Figure 4B). The model
showed only minor stereochemical conflicts between
the two molecules that can be readily eliminated by
slight outward movement of BID H3 during the docking
process.

BH3 Dosmain

¢ lporpoation of Rxd and Pak BH3 Cantaning Hices
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Figure 4. Model of the BID-BCL-X, Heterodimer

(A) Ribbon diagram showing the BH3 domain of BID and its environ-
ment. The surface-exposed side chains of four highly conserved
hydrophobic residues—186, L90, V93, and M97—and the charged
residue D95 are displayed.

(B) Overall view of the model for the BID-BCL-X, heterodimer. The
docking was performed using the Insightll program (Biosym, San
Diego) by superimposing the BH3 domains of BAK and BID. Note
that the red and blue BH3 helices of BAK and BID coincide almost
completely. The rotational orientation around the BH3-helix axis
was achieved by superimposing the conserved residues of the BH3
domains. The coordinates of BCL-X ~BAK BH3 peptide complex
were obtained from the Protein Data Bank (ID code 1BXL).
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Figure 5. Monitoring the Conformation Change
in BID during Caspase 8 Cleavage

The proteolytic reaction is initiated by mixing
5N-labeled BID with unlabeled and active
Caspase 8 at the ratio of 100:1.

(A) SDS-PAGE showing the fraction of
cleaved BID. Four time points—0 min, 5 min,
20 min, and 4 hr—were recorded.

(B) *N-'H HSQC spectrum of BID in the ab-
sence of Caspase 8 (control), BID after 20 min

4 hours of Caspase 8 reaction, and BID after 4 hr of
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* (C) Ribbon diagram of BID highlighting the
residues whose local chemical environments
are changed due to Caspase 8 cleavage. In
this representation, residues of which NH
chemical shift changes are greater than 0.1
and 0.02 ppm in N and 'H dimension, re-
spectively (based on the spectra shown in
[B]), are colored in red. Otherwise, they are
illustrated in gray.
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Mechanism of BID Activation by Caspase 8

Inasmuch as cleavage by Caspase 8 can greatly en-
hance the proapoptotic activity of BID, it has been hy-
pothesized that such a dramatic activation is accompa-
nied by major conformation changes after cleavage. To
test this hypothesis, we monitored structural changes in
BID during Caspase 8 proteolytic reaction using "N-'H
heteronuclear single quantum coherence correlation
(HSQC) experiments (Bax et al., 1990; Cavanagh et al.,
1996). The *N-'H HSQC spectrum is characteristic of the
protein conformation and is thus sensitive to structural
changes. We initiated the proteolytic reaction by mixing
full-length BID and active Caspase 8 at the ratio of 100:1
at room temperature. Then, *N-'H HSQC spectra were
recorded after 20 min and 4 hr. The fraction of cleaved
BID at these two time points can be assessed from
SDS-PAGE, shown in Figure 5A. The SDS-PAGE shows
almost complete cleavage of BID after 4 hr of reaction
(Figure 5A). The times above the HSQC spectra shown

Flexible
Loop

Caspase-8 _—
Cleavage Site

A2

g

in Figure 5B are the times at which the individual experi-
ment was started. Since each *N-'H HSQC experiment
took 1 hr and 10 min, the line shapes of the cross peaks
that change upon cleavage are modulated in the spec-
trum started at 20 min. However, the spectrum recorded
after 4 hr represents the fully cleaved product. Interest-
ingly, the latter spectrum resembles very closely that of
BID in the absence of Caspase 8 (the control) (Figure
5B), suggesting that the overall structural integrity of
BID is preserved upon Caspase 8 cleavage. However,
there are many small changes in resonance positions,
which are a result of minor conformation changes, and
can be easily traced in the spectra. Residues that
showed significant chemical shift changes are high-
lighted in the ribbon drawing of BID (Figure 5C). As
expected, the changes predominantly occurred in the
loop region near the cleavage site, the N-terminal helices
H1 and H2, H3 (containing the BH3 domain), H7, and
H8. In the top view of the BID ribbon representation
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shown in Figure 5C, it can be readily seen that H3, H7,
and H8 all have close contacts with the N-terminal H1
and H2. Hence, small chemical shift changes are ex-
pected for these regions due to small rearrangements
of H1 and H2 upon Caspase 8 cleavage.

The finding that the N-terminal domain remains intact
at approximately the same position and orientation
shows that the loop between H3 and H2 has no tension
and plays no part in the folding of the eight helices in
the uncleaved molecule. The unexpected result of this
study is that the uncleaved and cleaved BID have ap-
proximately the same conformation. On the other hand,
though the flexible loop is not important for the mainte-
nance of BID structure, its cleavage has a profound
effect on the proapoptotic activity. Upon cleavage, BID
can target mitochondria and induce apoptosis indepen-
dent of its BH3 domain (H. L. and J. Y., unpublished
results). Additionally, truncated BID can bind approxi-
mately ten times stronger to BCL-X__ via its BH3 domain
(Li et al., 1998). One possible mechanism for the activa-
tion of BID is that the N-terminal segment may serve as
an internal inhibitor of proapoptotic activity. We propose
that the proapoptotic activity of BID requires dissocia-
tion of the N-terminal segment including H1 and H2.
While the N-terminal segment remains associated with
the core of BID at the high concentrations used for the
NMR experiment (Figure 5), at low cellular concentra-
tions of BID this segment may detach after Caspase
8 cleavage and render the protein active. Even in the
uncleaved BID, the N-terminal helices H1 and H2 may
temporarily detach from the protein core, leading to
some (although much lower) activity of the uncleaved
protein.

The effect of Caspase 8 cleavage should be discussed
with respect to the two models for the mechanism of
BID function, formation of selective ion channels, like
BCL-X, and BAX, and/or inhibition of the interaction of
BCL-X, with Apaft. Channel formation by BID could be
promoted by Caspase 8 cleavage, since dissociation of
the N-terminal segment would expose the hydrophobic
face of helices H6 and H7 (Figure 5C). The two helices
resemble closely the two central pore-forming helices

H5 and H6 of BCL-X_ (Minn et al,, 1997; Matsuyama et

al., 1998), which have been considered important for
channel formation. Figure 5C shows that dissociation
of the N-terminal H1 and H2 can expose the central
hydrophobic helices H6 and H7. Acquisition of channel-
formation capabilities after cleavage may be the switch
that enables the molecule to vigorously target mitochon-
dria and promote cytochrome ¢ release. However, the
mechanism of cytochrome c release by pore formation
is still unclear.

BID cleavage by Caspase 8 may also enhance hetero-
dimerization with BCL-X, and prevent the formation of
the antiapoptotic complex between BCL-X_ and Apaf1.
Dissociation of the N-terminal domain in BID is expected
to loosen the contact of H3 and H8 with the protein
core, and the H3 helix is less restricted to rearrange
upon binding BCL-X,. The putative binding site for BCL-
X, on helix H3 of BID and the contact area on H3 for
the N-terminal helix H1 are on opposite faces of this
H3 helix, and both interactions may have a competitive

element. If cleaved BID is initially associated with the
N-terminal domain, insertion of BH3 into the hydropho-
bic cleft of BCL-X, could promote dissociation of H1
and H2. Thus, heterodimerization efficiency of the BH3
domain would depend on the local concentration of
BCL-X, and BID N-terminal domain. However, in full-
length BID, the flexible loop can function as a chemical
cross-link that can oppose heterodimerization with BCL-
X, by maintaining a much higher local concentration of
the N-terminal domain.

Conclusion

We have determined the solution structure of BID, a
proapoptosis member of the BCL2 regulatory family that
has recently been established as a cross-talk agent for
relaying the FAS/TNF apoptotic signal to the mitochon-
dria death pathway. It consists of eight « helices ar-
ranged in a compact fold homologous to BCL-X,. The
structure of BID also revealed that the BH3 domain-
containing helix is in a position ready for interaction with
the hydrophobic cleft of BCL-X, that has been shown to
bind the BAK BH3 domain. Using the available structural
data on the BCL-X-BAK BH3 peptide complex, we
modeled the heterodimerization between BCL-X_ and
the full-length BID by superimposing the BH3 domains
of BAK and BID. Since BID becomes truly active in pro-
moting cytochrome c release only after cleavage by
Caspase 8, we monitored the conformation change in
BID during Caspase 8 reaction using NMR spectros-
copy. Analysis of the SN-'H cross peaks of full-length
and cleaved BID concluded that the overall structural
integrity of BID is preserved after it is cleaved by Cas-
pase 8. Additionally, based on the cleavage study, the
role of Caspase 8 cleavage in the dramatic enhancement
of proapoptotic activity of BID is elucidated. Although
the BH3 domain of BID is critical for its heterodimeriza-
tion with BCL-X,, truncated BID is capable of targeting
mitochondria and promoting mitochondria damage in-
dependent of its BH3 domain (Luo et al., 1998; H. L.
and J. Y., unpublished results}. In this study, we have
provided a structural basis for truncated BID-induced
mitochondrial damage. We propose that BID may have
two modes of proapoptotic actions. First, BID can inter-
act with proapoptotic members of the BCL2 family
through their respective BH3 domains. We showed that
although the full-length BID can interact reasonably well
with BCL-X|, cleavage by Caspase 8 and removal of H1
and H2 of BID may eliminate H1 as a competitive binder
of the BH3 domain, making it more available for inter-
acting with BCL-X_. Second, BID also contains the struc-
tural motifs for pore formation and is potentially able to
form selective ion channels similar to BAX and may
promote apoptosis in a way other than inhibiting BCL2
proteins. Cleavage by Caspase 8 and dissociation of the
N-terminal H1 and H2 expose the central hydrophobic
helices H6 and H7, which remarkably resemble the two
central pore-forming helices H5 and H6 of BCL-X, (Minn
et al., 1997; Matsuyama et al., 1998). The central hy-
drophobic helices H6 and H7 may be responsible for
mitochondrial targeting after cleavage by Caspase 8 as
well as potential pore-forming ability of BID. Overall, we
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Table 1. Structural Statistics for the 15 Structures of Lowest Energy Obtained from 20 Starting Structures®

NOE distance restraints

All 2202
Intraresidue 610
Interresidue 1592
Sequential {li - j| = 1) 760
Medium 287
i,i+2 63
i,i+3 150
i,i+4 74
Long (li - jl >4) 405
Hydrogen bonds® 140
Dihedral angle restraints
¢ (C'(i 1) Ni - Cui - C,I) 93
4 (Nv = Cu - C- N(m)) 94
" x1 (N, = C, ~ Cy — Cyuor Oyl 74
Ramachandrian plot®
Most favorable region 70.2
Additionally allowed region 217
Generously allowed region 7.3
Disallowed region 0.8

Average rms deviations from
experimental distance restraints (A) all (2102)
Average rms deviations from
experimental dihedral restraints (°) all (261)
Average rms deviations from
idealized covalent geometry
Bonds (A)
Angles (%)
Impropers (°)
Average rms deviations of

Residues 13-44, 77-197

Residues 13-44, 77-197

Secondary Structure

81.1
15.4
3.3
0.2
0.044 *+ 0.001

0.32 = 0.04

0.003 + 0.0001
0.48 + 0.006
0.42 * 0.010

Secondary Structure

atomic coordinates between 15 structures®
Backbone (A) 0.92
Heavy atoms (A) 1.44

0.54
0.93

sNone of these structures exhibited distance violations greater than 0.4 A or dihedral angle violations greater than 5°.

®During structure calculation, hydrogen bond restraints were added only for « helices, identified based on backbone Cu resonances (Wishart
and Sykes, 1994) and NH(l)-HA(l — 3, | — 4) NOE observed in the 3D '*N-NOESY-HSQC spectrum.

¢The program PROCHECK nmr (Laskowski et al., 1993) was used to assess the quality of the structures.

4The precision of the atomic coordinates is defined as the average rms differences between the 15 final calculated structures and the mean

coordinates.

propose that although there is only very limited se-
quence homology between BID and BAX, BID acts very
similarly to BAX and may have multiple modes of action
in inducing mitochondrial damage.

The conformational similarity between BID and BCL-
X, is rather surprising, since the two proteins are unre-
lated in their amino acid sequences. This has been inde-
pendently shown by McDonnell et al. (1999 [this issue
of Celll), who have solved the BID structure at 45°C.
However, this phenomenon was also observed for pro-
teins involved in caspase recruitment. The FAS death
domain (DD), FADD death effector domain (DED), and
caspase recruitment domain (CARD) are unrelated in
sequence yet adopt the similar six-helix bundle confor-
mations (Huang et al., 1996; Chou et al., 1998; Eberstadt
et al., 1998). The recurrence of this phenomenon of dif-
ferent sequences yielding similar structures suggests
that apoptosis is an ancient process that involves a
limited number of evolutionarily highly conserved struc-
tural motifs. In order for them to construct an intricate
network of regulatory pathways, a high degree of speci-
ficity must be employed. For instance, BCL-X,, BID, and
BAX are structurally similar yet functionally nonredun-
dant. Still, little is known about the detailed molecular
mechanisms that allow them to take different roles in
apoptosis.

Experimental Procedures

Expression and Purification of BID

Human full-length BID gene was amplified by PCR from EST cDNA
clone 52055 using primers HL176 (5° GCCGGATCCATGGACTGTGAG
GTCAAC) and HL178 (5' GGGGATCCCTGAGTCAGTCCATCCCATTT
CTG) and then cloned into the BamHI site of pGEX-2T vector. BID
was expressed in Escherichia coli with GST fused at the N terminus.
The transformed cells were grown in either LB-rich media (for unla-
beled protein) or M9-minimal media (for labeled protein). Forisotope
labeling, the M9 media were substituted with 5N-labeled ammonia
(1 g1 ") or “C glucose (2 g |"). For triple-resonance experiments,
uniformly N, C, 2H-labeled protein was prepared by growing the
cells in 90% D,0 with "*N-labeled ammonia and '*C glucose. A 50%
deuterated and *N, *C-labeled sample was prepared by growing
the cells in 50% D,0 with SN ammonia and *C glucose. For selective
amino acid labeling, the plasmid was transformed into DL39 cell
line (cell that lacks aminotransferase) to minimize cross labeling
between different amino acids. Selective "N labeling was done by
growing the cells in M9 media supplemented with selected *N-
labeled amino acids.

After cell lysis, the GST-fusion recombinant protein was first sepa-
rated from other E. coli proteins by GST affinity chromatography at
pH 7 and then cleaved off GST with thrombin (Biotech Pharmacia).
The eluted BID was purified to homogeneity using gel filtration
(Sephadex G-50). The identity of the protein was confirmed by
N-terminal sequencing, amino acid composition analysis, and SDS-
PAGE. NMR samples contained 1 mM protein in 20 mM Tris (pH
7.0) and 5 mM NaCl in H,0/D,0 {9/1) or D,0. For the homonuclear
NOESY experiment, the sample contained 1 mM protein in 50 mM
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NaPO, (pH 7.0) in D,0. The NMR sample used for monitoring Cas-
pase 8 cleavage was prepared by mixing 1 mM '*N-labeled BID with
unlabeled Caspase 8 at the ratio of 100:1.

NMR Spectroscopy

All NMR spectra were acquired at 25°C on Varian Unity 500, Varian
UnityPlus 500, Bruker 600, or Varian UnityPlus 750 spectrometers.
For assignment of the backbone 'H, °C, and "N resonances, three
pairs of triple-resonance experiments were recorded using uniformly
BN, 3C-labeled and 90% deuterated protein in H,0. These are [HNCA,
HN(CO)CA], [HNCO, HN(CA)CO], and [HN(CA)CB, HN(COCA)CB] (for
overviews, see Clore and Gronenborn, 1993; Yamazaki et al., 1994;
Matsuo et al.,, 1996a, 1996b). '*C? decoupling was used in HNCA
and HN(CO)CA for higher *C¢ resolution and better signal sensitivity
(Matsuo et al., 1996b). In addition, amino acid-selective "N labeling
of Lys, Phe, Ser, Tyr, Val, Leu, lle, and Ala was used to confirm the
sequential assignment of amide protons. Side-chain proton reso-
nances were mostly assigned using 3D Cbd-HCCH-TOCSY (Clore
and Gronenborn, 1994; Matsuo et al., 1997) and 3D '*N-dispersed
TOCSY-HSQC spectra, recorded using uniformly "N, *C-labeled
protein in D,0 and uniformly *N-labeled protein in H,0, respectively.
The assignment of aromatic side chains was accomplished using
homonuclear TOCSY and NOESY experiments, acquired with the
nonlabeled protein in D,0. Stereospecific assignment of methyl
groups of Val and Leu residues was obtained from *C-HSQC spec-
trum of a 10% *C-labeled protein (Szyperski et al., 1992). Transverse
8N relaxation rates were measured with experiments as described
by Peng and Wagner (1992) and Farrow et al. (1994).

Distance restraints between amide protons and side chains were
obtained from two “N-dispersed NOESY spectra, acquired with
mixing times of 60 and 120 ms. Long-range distance restraints be-
tween side chains (especially those of Val, Leu, and lle} were ob-
tained from a *C-dispersed NOESY experiment with a mixing time
of 100 ms. NOE connectivities between aromatics and from aromat-
ics to nonaromatic side chains were assigned with the combination
of homonuclear 2D NOESY and "*C-dispersed NOESY spectra. NOE
distance restraints used for the structure calculations are summa-
rized in Table 1. Hydrogen bond distance restraints were imposed
only for the helical region, identified on the basis of *C* chemical
shift values (Wishart and Skyes, 1994) and NH())-HA({i — 3, i — 4)
NOE cross peaks. The backbone torsion angles ¢ and § were ob-
tained using a method for measuring proton splitting in *N-HSQC
spectrum by J doubling (de! Rio-Portilla et al., 1994). The torsion
angles x1 of side chains in helical regions were restrained within
the ranges found in refined crystal structure using the rotamer librar-
ies of Dunbrack and Karplus (1993).

Structure calculations were performed following simulated an-
nealing protocols of Nilges et al. (1988) using X-PLOR 3.851 (Briin-
ger, 1993) on R10000 Indigoll Silicon Graphics work stations. Out
of 20 starting structures, 19 had no violations larger than 0.4 Aor
dihedral angle violations greater than 5°. The 15 structures with the
lowest energy were selected for display (superimposed in Figure 2A).
Structures were displayed and analyzed using the Insightll program
(Biosym, San Diego), GRASP (Nicholls et al., 1991), MOLMOL (Koradi
et al., 1996), and PROCHECK_nmr (Laskowski et al., 1993). The
structural statistics are presented in Table 1.
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Summary

Here, we investigate the mechanism and function of
LKB1, a Ser/Thr kinase mutated in Peutz-Jegher syn-
drome (PJS). We demonstrate that LKB1 physically
associates with p53 and regulates specific p53-depen-
dent apoptosis pathways. LKB1 protein is present in
both the cytoplasm and nucleus of living cells and
translocates to mitochondria during apoptosis. In vivo,
LKB1 is highly upregulated in pyknotic intestinal epi-
thelial cells. In contrast, polyps arising in Peutz-Jegher
patients are devoid of LKB1 staining and have reduced
numbers of apoptotic cells. We propose that a defi-
ciency in apoptosis is a key factor in the formation of
multiple benign intestinal polyps in PJS patients, and
possibly for the subsequent development of malignant
tumors in these patients.

Introduction

Peutz-Jegher syndrome (PJS) is an autosomal dominant
disease. Early manifestations of PJS include melano-
cytic macules of the lips and multiple hamartomatous
polyps in the gastrointestinal tract (Jeghers et al., 1949;
Peutz, 1921). Later in life, PJS patients have a dramati-
cally increased incidence of cancers in a wide variety
of tissues (Giardiello et al., 1987; Spigelman et al., 1989).
The genetic locus responsible for the majority of PJS
cases was mapped to chromosome 19p13.3 and found
to encode a Ser/Thr protein kinase named LKB1/STK11
(Hemminki et al., 1997, 1998; Olschwang et al., 1998;
Jenne et al., 1998).

LKB1 is widely expressed in all tissues (Hemminki et
al., 1998). Analysis of the sequence revealed that the
LKB1 kinase domain (codons 50-337) contains weak
homology to the conserved catalytic core of the kinase
domain common to both Ser/Thr and tyrosine protein
kinase family members (Hanks and Hunter, 1995), while
the C-terminal domain is not homologous to any known
protein. A mouse homolog (mLKB1) and a putative Xeno-
pus homolog (XEEK1) of LKB1 have been identified and
share 88% and 83.7% amino acid sequence identity,

4Correspondence: jyuan@hms.harvard.edu

respectively, to human LKB1 (Smith etal., 1999; Su et al.,
1996). XEEK1 is a kinase with apparent narrow substrate
specificity and is enriched in the cytoplasm of oocytes
and fertilized eggs.

Most of the LKB1 mutations in PJS patients result in
the complete loss of protein product. Rare missense
mutations that disrupt kinase function have been identi-
fied in the kinase domain (Hemminki et al., 1998; Jenne
et al., 1998; Mehenni et al., 1998; Nakagawa et al., 1998).
This is consistent with the proposal that LKB1 acts as
a recessive tumor suppressor gene and that the forma-
tion of hamartomas and tumors is the result of somatic
inactivation of the wild-type LKB1 allele in PJS patients
(Hemminki et al., 1997).

Disruption of the homeostatic balance between cell
proliferation and cell death is a key to cancer develop-
ment (Hanahan and Weinberg, 2000). Tumor cells not
only proliferate without regard to environmental clues,
but also evade apoptosis. The cellular tumor suppressor
gene p53 plays a prominent role in this process through
its potent ability to inhibit cell proliferation and activate
apoptosis (Bates and Vousden, 1996). While it is clear
that p53 plays a critical role in regulating apoptosis, the
mechanism by which p53 induces apoptosis remains
controversial.

Our results suggest that the Peutz-Jegher syndrome
gene product LKB1 may be one of the signal transduc-
tion molecules regulating p53-dependent apoptosis. We
propose that the loss of LKB1 function in PJS leads to
a deficiency in intestinal epithelial cell apoptosis. This
defect may be a primary cause of benign hamartoma
formation in PJS patients, and ultimately may render
tissues highly susceptible to malignant transformation.

Results

The Expression Patterns of LKB1 in Normal Small
Intestine and Peutz-Jegher Polyps

To characterize endogenous LKB1 activity, we gener-
ated aratanti-LKB1 polyclonal antibody that specifically
recognizes the murine and human 55 kDa LKB1 protein
on Western blot (Figure 1A). Anti-LKB1 immunostaining
of small intestinal samples from normal adult human
biopsies is shown in Figure 1B. LKB1 is expressed in
both the nucleus and cytoplasm of small intestinal epi-
thelial cells. The expression of LKB1 in the cytoplasm
shows a gradient pattern: epithelial cells near the luminal
end of the villus tip contain more cytoplasmic LKB1 than
cells elsewhere in the villus (Figure 1B, first panel). The
staining is specific, as no staining was observed when
the primary antibody was omitted (Figure 1C, second
panel). Adult small intestinal epithelial cells are gener-
ated through divisions of multipotent stem cells an-
chored near the base of crypts. These cells migrate in
a vertical band from the crypt up to the villus tip where
they die. Thus, the spatial position of epithelial cells
along the villus reflects their age: cells close to the villus
tip are older than those distal to it (Potten, 1997). Accord-
ingly, LKB1 expression is higher in older epithelial cells
than in younger epithelial cells.
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Figure 1. The Expression of LKB1 in Normal and Peutz-Jegher Small Intestinal Samples

(A) A Western blot of indicated cell and mouse tissue lysates was probed with a polyclonal rat anti-LKB1 antibody.
(B) Immunostaining of LKB1 in normal biopsy small intestinal samples by the polyclonal rat anti-LKB1 antibody. Elevated LKB1 expression

in the cytoplasm of pyknotic epithelial cells (arrowheads).

(C) The expression of LKB1 in a small intestinal sample from a Peutz-Jegher patient. The apparent normal region between polyps still
immunostained positive for LKB1 (first panel), while the polyps are negative for LKB1 staining (last two panels). The second panel is a control

without the primary antibody.

In addition to the gradual increase of LKB1 expression
along the villus, individual dying cells with pyknotic nu-
clei exhibited very high levels of cytoplasmic LKB1 stain-
ing (Figure 1B, second and third panels). These pyknotic
cells were found in the epithelial cell region in both the
crypts and villi, suggesting that upregulation of LKB1
expression may be involved in the apoptosis of epithelial
cells.

To characterize the expression of LKB1 in Peutz-
Jegher disease, we immunostained polypectomy sam-
ples from Peutz-Jegher patients with anti-LKB1. As ex-
pected, LKB1 expression is found in the areas of normal
intestinal epithelium adjacent to or between polyps (Fig-
ure 1C, first panel). In contrast, LKB1 immunostaining
is absent within the polyps (Figure 1C, last two panels).
These results are consistent with mutations in the LKB1
gene of PJS patients, generally resulting in the loss of
LKB1 protein expression (Hemminki et al., 1998; Jenne
et al., 1998; Mehenni et al., 1998; Nakagawa et al., 1998).

A Model! for LKB1-Induced Apoptosis

The observation that LKB1 expression increases in dy-
ing cells suggests that LKB1 may function as an inducer
of apoptosis. To directly test this possibility, we estab-
lished a cellular model to mimic LKB1 upregulation in
vivo. We transfected GFP-tagged wild-type LKB1 (LKB1)
into HT1080 cells, a fibrosarcoma cell line that expresses
wild-type p53 (Labrecque and Matlashewski, 1995). Ov-

erexpression of LKB1 induced cell death (Figure 2A). As
the kinase domain of LKB1 is often mutated in PJS, we
asked whether this domain alone is sufficient for the
apoptosis activity of LKB1. Expression of the kinase
domain alone (amino acids 1-309; KDA) in HT1080 cells
induced apoptosis more efficiently than full-length LKB1
(Figure 2A). This suggests that the C-terminal domain
negatively regulates LKB1 apoptotic activity. To deter-
mine whether the kinase activity of LKB1 is required
for the induction of apoptosis, we analyzed two LKB1
mutants predicted to be deficient in kinase activity, an
invariant nucleotide binding site mutant (K78M LKB1)
and a deletion mutant missing the first 88 amino acids
(A88 LKB1). Neither mutant induced apoptosis (Figure
2A). Thus, we conclude that the kinase activity of LKB1
is likely required for the induction of apoptosis by LKB1.

To determine whether caspase activation is involved
in LKB1-induced apoptosis, LKB1-transfected cells
were treated with the pan-caspase inhibitor z-VAD-fmk
(zVAD). LKB1-induced cell death was blocked by zZVAD
treatment (Figure 2A), indicating that caspases are criti-
cal for mediating the apoptosis triggered by LKB1. In
addition, LKB1-overexpressing cells stained positive for
activated caspase-3, and zVAD treatment or coexpres-
sion of Bcl-x, blocked this staining (data not shown).
Thus, LKB1 overexpression triggers caspase activation,
and inhibitors of apoptosis block this activation. We also
observed a significant reduction in LKB1-induced cell

.
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Figure 2. Apoptosis Induced by LKB1, Phosphorylation of LKB1, and Identification of a Dominant-Negative LKB1 Mutant

Indicated expression constructs were transfected into HT1080 cells (A) or IEC16 cells (C) alone or in combination with Bcl-x,, the C287A
caspase-9 dominant negative (Casp9DN), or the pan-caspase inhibitor zVAD-fmk (100 p.M). At least 100 cells were scored for a total of three
times for each data point. The percentages of cell death were quantified by morphological criteria. 2 ug of LKB1 DNA was used and the total
amount of DNA was normalized to 4 pg of DNA. The results are exhibited as the means * s.e.m. from at least three experiments.

(B) Loading control. Western blots of lysates from HT1080 cells transfected with the indicated plasmids were probed with an anti-GFP antibody
(upper panel} and an anti-tubulin control (bottom panel).

(D) Phosphorylation of LKB1. The expression constructs of Flag alone (control), the Flag-tagged ATP binding site mutant K78M, the T189A
mutant (T189A), the kinase domain alone (KDA), and wild-type LKB1 (LKB1) were transfected into HT1080 cells and immunoprecipitations
were carried out 12-14 hr posttransfection. Immunocomplexes were incubated with in vitro kinase reaction buffer and analyzed by SDS-PAGE
(top) and Western blot for the levels of LKB1 protein expression (bottom).

(E) Identification of an activating mutation and a dominant-negative mutation. HT1080 cells were transfected with expression constructs of
contro! (GFP alone), GFP-LKB1 (LKB1), the GFP-kinase domain alone LKB1 (KDA), and the GFP-T189A LKB1 mutant (T189A) with or without
the ATP binding site mutant (K78M) and Bcl-x,. Cell death was assessed at 24 hr posttransfection. The results are exhibited as the means +
s.e.m. from at least three experiments.

death when LKB1 KDA was cotransfected with either IEC16 cells underwent apoptosis in a kinase-dependent
Bcl-x, or caspase-9 dominant-negative expression vec- manner (compare Figures 2A and 2C). Thus, we con-
tors {Li et al., 1997; Figure 2A). The protection conferred clude that LKB1 can induce apoptosis in epithelial cells.
by Bcl-x, and caspase-9 dominant negative suggests To characterize the LKB1 kinase activity and its phos-
that LKB1-mediated cell death likely functions via the phorylation pattern, we transfected HT1080 cells with
mitochondrial pathway of apoptosis. wild-type and derivative constructs of LKB1. Expressed

To determine whether LKB1-induced apoptosis is a proteins were immunoprecipitated and incubated in an
general phenomenon that can occur in epithelial cells, in vitro kinase assay. We found that the wild-type LKB1
we overexpressed LKB1 in the epithelial cell line IEC16 was heavily phosphorylated whereas the phosphoryla-
and measured for cell death (Figure 2C). Similar to tion of K78M LKB1 was greatly reduced, suggesting that

HT1080 cells, in response to LKB1 overexpression, LKB1 undergoes autophosphorylation (Figure 2D). In
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Figure 3. Inhibition of Specific Apoptosis by a Dominant-Negative Mutant of LKB1

(A) Inhibition of apoptosis by the K78M LKB1 mutant. HT1080 cells were transfected with 1 ug of GFP vector or GFP-K78M LKB1. Apoptosis
was induced by treatment of Fas (7C11; 1/500 dilution) plus cycloheximide (CHX; 1 wg/ml) for 4 hr, etoposide (40 nM) for 24 hr, and paclitaxel
{100 nM) for 24 hr. Dead or dying cells with nuclear apoptotic changes by Hoechst dye were counted. The difference between the control

and K78M in the paclitaxel treatment group was very significant (p < 0.0002).
(B) The expression levels of p21, p53, and tubulin in control and p53.175H retrovirus-infected cells, and that of K78M LKB1 in K78M LKB1

retrovirus-infected cells.

(C) HT1080 cells were infected with retrovirus expressing K78M LKB1, p53.175H, or control virus. Cells were selected for 4-6 days and treated
with 5-fluorouracil, doxorubicin, paclitaxel, or vincristine at the doses indicated. Apoptosis was determined 24 hr later by MTT assay. The
data were collected from at least three data points. The error bars are s.e.m.

Xenopus, the Thr-197 residue of XEEK1 has been shown
to be autophosphorylated (Su et al., 1996). To test
whether the equivalent residue in mammalian LKB1, Thr-
189, is phosphorylated (Hemminki et al., 1998), we mu-
tated Thr-189 to Ala-189. The phosphorylation of the
T189A LKB1 mutant was significantly reduced when
compared to the wild-type (Figure 2D). These data sug-
gest that like XEEK1, LKB1 is phosphorylated at Thr-
189. This phosphorylation is most likely due to auto-
phosphorylation by LKB1, although we have not ruled
out the possible involvement of a coimmunoprecipitat-
ing kinase. In either case, the regulatory domain appears
to be required for phosphorylation, as the KDA protein
is not phosphorylated (Figure 2D). In addition, LKB1
kinase activity is also needed for phosphorylation, as
the K78M LKB1 protein is not phosphorylated to any
significant amount (Figure 2D).

To determine the functional role of Thr-189 phosphor-
ylation, we transfected T189A into HT1080 cells. Inter-
estingly, we found that the T189A LKB1 mutant is much
more active in inducing apoptosis than LKB1 in HT1080
cells (Figure 2E). These data suggest that the phosphor-

ylation of Thr-189 negatively regulates LKB1 activity.
Since K78M LKBA1 is kinase inactive and does not induce
apoptosis, we tested to see whether it could function
as a dominant negative of LKB1. Cotransfecting the
constitutively active T189A LKB1 with K78M LKB1 sig-
nificantly reduced the apoptosis induced by T189A
LKB1. In contrast, K78M LKB1 had no effect on the
apoptosis induced by the KDA construct (Figure 2E),
suggesting that K78M LKB1 can function as a dominant-
negative mutant, and that this activity relies on the pres-
ence of the regulatory domain in the functioning protein.

Inhibition of Apoptosis by K78M LKB1

The K78M LKB1 mutant functions as a dominant nega-
tive of wild-type LKB1 in coexpression studies (Figure
2). To test the role of endogenous LKB1 in apoptosis
pathways, we asked whether the K78M mutant can in-
hibit the death of HT1080 cells induced by treatment
with Fas, etoposide, or paclitaxel. HT1080 cells were
transfected with a GFP control and the GFP-K78M LKB1
mutant, and 12 hr after transfection were treated with
paclitaxel, etoposide, or Fas (7C11) together with cyclo-
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Figure 4. Mitochondrial Translocation of LKB1

(A) Subcellular localization of transfected LKB1. HT1 080 cells were
transfected with indicated expression plasmids. Twenty-four hr after
transfection, the cells were stained with the mitochondrial-specific
vital dye Mitotracker, and fixed and stained with Hoechst dye.

(B) Paclitaxel-induced LKB1 translocation in HT1080 cells. HT1080
cells were treated with paclitaxel (100 nM) for 16 hr and then stained
with Mitotracker. Cells were fixed with 4% paraformaldehyde and
processed for immunostaining with rat anti-LKB1 polyclonal anti-
body and goat anti-rat FITC-conjugated secondary antibody fol-
lowed by Hoechst dye staining.

heximide. Cell death was assessed after 24 hr of treat-
ment. Cells expressing the kinase-inactive LKB1 were
much more resistant to apoptosis induced by paclitaxel
than were control cells, but were equally sensitive to
apoptosis induced by Fas or etoposide (Figure 3A). Fas-
induced apoptosis does not require p53 (O’Connor et
al., 2000), whereas apoptosis induced by paclitaxel has
been proposed to be at least partially p53 dependent
(Lanni et al., 1997). These results indicate that LKB1
may be involved in p53-dependent apoptosis pathways.

To further characterize the role of LKB1 in p53-depen-
dent apoptosis, we infected HT1080 cells with a retrovi-

rus expressing K78M LKB1, a dominant-negative p53
(p53.175H; Serrano et al., 1997) or vector. Cells were
selected in hygromycin B for 4-6 days and their sensitiv-
ity to different apoptosis-inducing agents was deter-
mined. To establish that the dominant-negative p53 mu-
tant was functioning, we checked for expression of p53
and p21. As expected, p53 expression was elevated,
whereas p21 expression was absent in cells expressing
the dominant-negative p53 mutant (Figure 3B). Western
blot analysis showed that cells infected with the K78M
LKB1 virus expressed the LKB1 mutant protein (Figure
3B). Control and HT1080 cells expressing K78M LKB1
or p53.175H were treated with different doses of 5-fluo-
rouracil, doxorubicin, paclitaxel, or vincristine, and the
loss of cell viability was measured 24 hr later by MTT
assay (see Experimental Procedures). The cells express-
ing p53.175H exhibited considerable resistance to apo-
ptosis induced by all four agents at the doses tested
(Figure 3C). Interestingly, the cells expressing K78M
LKB1 showed resistance to only paclitaxel and vincris-
tine, the two agents that disrupt microtubule dynamics,
but not to the DNA-damaging agents 5-fluorouracil or
doxorubicin (Figure 3C). These results suggest that
LKB1 is specifically required for the p53-dependent
component of cell death induced by microtubule dis-
ruption.

Mitochondrial Translocation of LKB1 in Apoptosis

The mitochondrion is an important intracellular amplifier
of apoptotic signals (Gross et al., 1999). Many types of
apoptotic signals converge upon the mitochondria and
cause the release of cytochrome c into the cytoplasm,
which in turn activates caspase-9 by forming a complex
with Apaf-1 (Li et al., 1997). In a small proportion of the
HT1080 cells transfected with LKB1 and about half of
the HT1080 cells transfected with KDA, we observed
GFP-positive aggregates around the nuclei, which colo-
calized with cytochrome ¢ (data not shown) and the
mitochondrial-specific dye Mitotracker (Figure 4A, first
and second row). Thus, overexpressed LKB1 KDA, and
to a lesser extent, the full-length LKB1, are recruited to
mitochondria. The efficiency of mitochondrial recruit-
ment correlates with the apoptosis-inducing ability of
LKB1 and KDA (compare Figures 2 and 4). This mito-
chondrial recruitment is evident before the appearance
of nuclear condensation and appears to precede the
onset of the morphological changes associated with cell
death (Figure 4A, second row). To determine whether
LKB1 kinase activity is required for the mitochondrial
recruitment of LKB1, we transfected HT1080 cells with
the kinase-dead mutant K78M LKB1. In contrast to LKB1
and KDA, K78M LKB1 is localized to both the cytoplasm
and nucleus but not to mitochondria (Figure 4A, third
row). Thus, the kinase activity of LKB1 appears to be
required for LKB1 recruitment to the mitochondria.

To determine whether mitochondrial translocation of
LKB1 is a cause or consequence of cell death, we co-
transfected HT1080 cells with KDA and Bcl-x.. Coex-
pression of Bel-x, strongly inhibited apoptosis induced
by KDA (Figure 2A), but had no effect on the mitochon-
drial recruitment of KDA (Figure 4A, fourth row). This
suggests that the mitochondrial recruitment of LKB1 is
an early initiating event in LKB1-induced apoptosis.
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Figure 5. LKB1-Induced Apoptosis and Mitochondrial Translocation Require p53

{A) Loss of p53 function inhibits LKB1-induced apoptosis. HT1080 cells infected with control or p53.175H dominant-negative virus (PWZLHygro
p53.175H) were transfected with 2 pg of indicated DNA. Or, MEF cells of equivalent early passage from p53 wild-type, p53 null, and Bax~/~
mice were transfected with a total of 2 ug of DNA. p53 null EF cells were also complemented for p53 by cotransfecting an equivalent amount
of HA-tagged wild-type p53 together with LKB1; a total of 2 ug of DNA was used. Cell death was assayed at 24 hr posttransfection. At least
100 cells were counted for each data point. All results are exhibited as the means * s.e.m. from at least three experiments.

(B) p53 is required for mitochondrial translocation of LKB1 in HT1080 cells. Control or p53.175H virus-infected HT1080 cells were transfected
with GFP-KDA LKB1 and 24 hr later stained with Mitotracker and Hoechst dye.

(C) Mitochondrial translocation of endogenous LKB1 is inhibited by the p53 dominant-negative retrovirus in HT1080 cells. Cells infected with
control or p53.175H retrovirus were treated with paclitaxel (200 nM) for 12 hr and analyzed by rat anti-LKB1 and mouse anti-cytochrome ¢
antibody with confocal microscopy. Magnification for (B) and (C) is as indicated in each first panel.

(D) Transfected LKB1 and p53 associate. HT1080 cells were transfected with HA-tagged wild-type p53 and indicated N-terminal Flag-tagged
LKB1. The p53 immunocomplex precipitated by anti-HA was analyzed by Western blot using M2 anti-Flag.

(E) Endogenous p53 and LKB1 interact. Anti-p53 but not control antibody coimmunoprecipitates LKB1 from HT1080 cell lysates. The top
panel shows an anti-L.KB1 Western blot and the bottom panel is an anti-p53 Western blot.

(F) The inte;action of endogenous p53 and LKB1 is stronger during paclitaxel-induced apoptosis. Control or paclitaxel (100 nM)-treated HT1080
cell lysates were immunoprecipitated by anti-p53, and the p53 immunocomplex was then analyzed by Western blot by anti-LKB1 or anti-p53.

To determine the subcellular localization of endoge- represent an early step during paclitaxel-induced cell
nous LKB1, we immunostained HT1080 cells with our death.
polyclonal anti-LKB1 antibody (see Figure 1A). Endoge-
nous LKB1 was present in both the cytoplasm and nu- Recruitment of LKB1 to Mitochondria and LKB1-
cleus of HT1080 cells (Figure 4B, first row). Upon induc- Induced Cell Death Are Both p53 Dependent
tion of apoptosis by paclitaxel, endogenous LKB1 As the inhibition of paclitaxel-induced cell death by
translocated to the mitochondria (Figure 4B, second K78M suggests that LKB1 functions in p53-dependent
row). In contrast, the subcellular distribution of LKB1 apoptotic pathways, we directly tested the requirement
did not change in apoptotic HT1080 cells induced by for wild-type p53 in LKB1-induced apoptosis. p53 in
etoposide or UV (data not shown). Translocation of LKB1 HT1080 cells was inactivated by retroviral transduc-
to the mitochondria appears to be an early event in tion with p53.175H (Serrano et al., 1997). Control or
apoptosis, because a significant portion of cells with p53.175H-infected HT1080 cells were then transfected
mitochondrial-localized LKB1 still exhibits normal nu- with LKB1 or KDA expression constructs, and cell death
clear and cell morphology (Figure 4B, second row). Thus, was measured (Figure 5A, left panel). While control cells
translocation of LKB1 to the mitochondria appears to were still sensitive to apoptosis induced by LKB1, cells
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(A) LKB1 immunostaining of wild-type and p53~/~ mouse small intestine. The elevated LKB1 expression in the villus tips and crypts of mouse
small intestine (arrowheads), a pyknotic cell in wild-type (*arrowhead), and goblet cells {arrows).

(B) CM1 staining of wild-type and p53~~ mouse small intestine. Arrowheads indicate CM1-positive dying cells.

(C) Quantitation of LKB1(+) and CM1(+) epithelial cells in wild-type and p53~/~ mouse small intestine samples. Wild-type and p53~/~ small
intestinal sections were either immunostained with anti-LKB1 antibody or CM1 antibody (which recognizes activated caspase-3), and the
number of apoptotic epithelial cells that exhibited elevated LKB1 expression or activated caspase-3 with pyknotic morphology in the villi and
crypts were determined. As it was often difficult to distinguish between clusters of CM1(+) cells and single CM1(+) cells, we counted either

of these in the villi/crypts to be one event.

expressing the dominant-negative p53 were resistant to
LKB1-induced apoptosis (Figure 5A, left panel). These
results suggest that wild-type p53 function is required
for LKB1-induced apoptosis.

We next transfected wild-type and p53 null mouse
embryonic fibroblast (p53~~ MEF) cells (Lowe et al.,
1993) with the LKB1 expression constructs (Figure 5A,
right panel). In contrast to the results in HT1080 cells,
both wild-type LKB1 and KDA can induce apoptosis of
wild-type MEFs with equal efficiency (Figure 5A, right
panel). Since HT1080 cells are transformed cells, these
results suggest that these cells may express an inhibitor
of LKB1, which may not be present in nontransformed

MEF cells. Consistent with HT1080 cells, wild-type LKB1
or KDA are incapable of inducing apoptosis of p53~/~
MEF cells (Figure 5A, right panel).

To ask whether the inability of LKB1 to induce apopto-
sis in p53~/~ MEF cells could be complemented by wild-
type p53, p53~'~ MEFs were cotransfected with LKB1
and wild-type p53. We found that the expression of wild-
type p53 (cotransfected with control vector) was able
to induce cell death, and that cotransfection of p53 with
LKB1 or KDA does not significantly increase this level
of apoptosis (Figure 5A, right panel). In addition, the
expression of LKB1 K78M inhibited p53-induced cell
death (Figure 5A, right panel). These data are consistent
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with the hypothesis that LKB1 and p53 act in the same
pathway of apoptosis.

Since Bax has been proposed to be one of the down-
stream mediators of the p53 apoptosis pathway, we
tested whether LKB1-induced apoptosis requires Bax.
We transfected Bax™/~ EF cells (Knudson et al., 1995)
with LKB1 and its derivative constructs. Bax™/~ EF cells
were sensitive to LKB1- and KDA-induced apoptosis
(Figure 5A, right panel). Taken together, we conclude
that p53 but not Bax is essential for LKB1-induced apo-
ptosis.

We next asked whether the mitochondrial recruitment
of LKB1 during apoptosis requires p53. The subcellular
localization of overexpressed KDA in control and
p53.175H virally infected HT1080 cells was determined.
Interestingly, transfected KDA was not recruited to the
mitochondria in cells expressing p53.175H (Figure 5B),
suggesting that wild-type p53 activity is needed for KDA
translocation. In contrast, Bcl-x, overexpression has no
effect on the translocation of LKB1 to the mitochondria
but blocks apoptosis by inhibiting a downstream event
(Figure 4A).

To further confirm the role of p53 in mediating LKB1
mitochondrial translocation, we compared the pacli-
taxel-induced translocation of endogenous LKB1 in
HT1080 cells that were infected with controf or p53.175H
retrovirus. After paclitaxe! treatment, substantial mito-
chondrial recruitment of endogenous LKB1 was seen in
the control virus-infected HT1080 cells (Figure 5C). As
observed for overexpressed LKB1, endogenous LKB1
remained fairly diffuse throughout p53.175H-infected
cells, even after paclitaxel treatment. These data estab-
lish that LKB1 mitochondrial translocation requires p53
function.

LKB1 and p53 Physically Associate

To examine the mechanism by which p53 regulates
LKB1, we tested whether p53 physically interacts with
LKB1. HT1080 cells were transfected with HA-tagged
wild-type p53 and N-terminal Flag-tagged LKB1 con-
structs, and interactions were examined by immunopre-
cipitation (Figure 5D). We found that HA-tagged wild-
type p53 can interact with Flag-tagged LKB1 and K78M
LKB1; however, the efficiency of coimmunoprecipitation
appeared to be higher with wild-type LKB1 than that of
the K78M mutant (compare Sup/IP ratio), suggesting
the LKB1 kinase activity may promote the interaction.

The N-terminal kinase domain of LKB1 is required for its
interaction with p53, as there is no detectable interaction
between p53 and the two LKB1 N-terminal deletion mu-
tants (NA88 and NA186; Figure 5D).

To determine whether endogenous p53 and LKB1 in-
teract and whether the interaction is regulated by apo-
ptosis, we examined the interaction of endogenous p53
and LKB1 in control and paclitaxel-treated HT1080 cell
lysates (Figures 5E and 5F). In control HT1080 cells,
immunoprecipitation by anti-p53 but not control anti-
body pulled down endogenous LKB1 (Figure 5E). After
treatment with paclitaxel, a higher proportion of endoge-
nous LKB1 was found in complex with p53 (Figure 5F,
compare LKB1 immunoprecipitation levels in control
versus paclitaxel lanes). In the paclitaxel-treated HT1080
cells, p53 levels were higher, but LKB1 levels did not
change (Figure 5F and data not shown). Thus, p53 and
LKB1 can interact physically in the basal state, and this
interaction is enhanced in cells undergoing LKB1- and
p53-dependent apoptosis.

Regulation of LKB1 Expression and Apoptosis

by p53 in the Small Intestine

Since p53 is required for LKB1-induced apoptosis, we
examined the possibility that p53 regulates the expres-
sion of LKB1 in vivo. We immunostained small intestinal
samples of wild-type and p53~/~ mice using the anti-
LKB1 antibody. The basal expression gradient of LKB1
in wild-type and p53~/~ mice (Figure 6A) is very similar
to that seen in human tissue (Figure 1). As observed in
human small intestine, LKB1 is expressed in both the
nucleus and cytoplasm of mouse small intestine epithe-
lial cells. The cytoplasm of older epithelial cells in the
tips of villi and the nuclei of stem cells near the bottom
of villi are highly positive for LKB1 expression. One dif-
ference in mouse LKB1 expression is that the cytoplasm
of goblet cells is also positive for LKB1 staining (Figure
6A), whereas the LKB1 staining in the cytoplasm of hu-
man goblet cells is not above the basal level (Figure 1B).
Similar to that of human small intestine, pyknotic mouse
epithelial cells with elevated levels of LKB1 expression
were detected in the crypts and tips of villi in the wild-
type small intestine (Figure 6A). Interestingly, although
the p53~/~ small intestine contains only 2-fold fewer
pyknotic cells with elevated LKB1 expression in the
crypts than that of p53*/%, they contain 6.5-fold fewer
pyknotic cells with elevated LKB1 expression in the epi-

Figure 7. Apoptosis in Normal Human Small Intestine and PJS Polyps

(A) Confocal images of apoptosis in normal human duodenal biopsies, PJS hamartomatous polyps, and normal mucosa adjacent to polyps
by TUNEL (left panels), Hoechst dye staining (middle panels), and merge (right panels). The enlargement of the boxed area is shown in the
merged column to demonstrate the TUNEL positivity and nuclear fragmentation of apoptotic intestinal epithelial cells (arrows) in detail.

(B) CM1 staining of normal human small intestine and PJS polyps. Normal human small intestine and PJS polyps were immunostained by
CM1. The arrowheads indicate pyknotic CM1-positive cells in normal mucosa. The arrowheads in the PJS polyp region show positive CM1
apoptotic lymphocytes. The same polyp region was immunostained by anti-LKB1 to assess LKB1 expression. Also shown is a section of
normal small intestine control stained by secondary antibody alone.

(C) Quantitation of apoptotic epithelial cells in human small intestine and PJS hamartomas. The number of apoptotic epithelial cells from
longitudinal sections of human small intestinal biopsies from five normal controls and four PJS patients was determined. At least ten equivalent
fields of tissue per polyp were examined to obtain a representative picture of cell death events throughout the tissue. Apoptotic events in
the submucosa and Brunner’s glands were not taken into account. The mean numbers of cells counted (+ s.e.m.) are derived from averaging
the number of nuclei counted based on hematoxylin and Hoechst dye counterstaining of each sample. The absolute number of apoptotic
cells per patient sample was counted and divided by the total number of epithelial cells examined in each sample to derive the percentage
of apoptotic cells, which is then averaged to derive the average percentage of apoptotic cells. The difference between the mean percentage
of apoptotic cells in the normal biopsies and the PJS hamartomas were statistically highly significant {unpaired t test p < 0.005).
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thelial cells along the villi (Figures 6A and 6C). These
results suggest that although p53 may not be critical
for basal LKB1 expression in the crypts, it is required
for induction or stabilization of LKB1 in mature epithelial
cells.

A direct prediction of the above findings is that there
would be a deficiency in apoptosis in the small intestine
of p53~/~ mice. To examine this possibility, we immuno-
stained the wild-type and p53~/~ small intestine with an
antibody against activated caspase-3 (CM1; Srinivasan
etal., 1998). We found evidence of spontaneous apopto-
sis resulting in CM1-positive epithelial cells in the wild-
type small intestine epithelium, both in the tip of villi
where older epithelial cells die and extrude into the intes-
tinal lumen (Figure 6B) and in the crypts (data not
shown). Interestingly, the p53~/~ mouse small intestine
contained CM1-positive cells in the crypts where intesti-
nal epithelial stem cells are located, but they contained
6-fold fewer CM1-positive epithelial cells in the villi (Fig-
ures 6B and 6C). Our findings indicate that, although
p53 is not required for spontaneous apoptosis of stem
cells, it is required for apoptosis of mature differentiated
intestinal epithelial cells. However, since the morphol-
ogy of small intestine from 2-month-old p53~/~ mice is
not obviously different from that of wild-type, p53~/~
epithelial cells may be eliminated through a caspase-
independent mechanism.

Lack of Epithelial Apoptosis in Small Intestinal
Polyps of Peutz-Jegher Patients

A prediction of the proposed model of LKB1 in regulating
apoptosis is that intestinal polyposis in PJS patients may
be caused by a deficiency in physiologic spontaneous
apoptosis. To test this hypothesis directly, we examined
biopsy and polypectomy samples from Peutz-Jegher
patients for apoptosis. Apoptotic cells were scored as
cells that are TUNEL positive with condensed pyknotic
nuclear fragments when costained by Hoechst dye. In
normal nonpolypoid intestinal samples, we observed
apoptotic epithelial cells with pyknotic nuclei in almost
every villus cross-section: there was an average of 0.95
apoptotic epithelial cells per villus, which was equivalent
to about 0.26 + 0.06% of the epithelial cells counted.
This provides us with a representative snapshot of the
rate of spontaneous apoptosis occurring in the normal
intestinal mucosa at the moment of fixation (Figure 7A,
top row and Figure 7C). In contrast, the spontaneous
apoptosis rate was much lower in PJS polyps: there
was an average of 0.05 apoptotic cells per equivalent
area of polyp tissue examined, or about 0.006 = 0.003%
of epithelial cells counted in the hamartoma (Figure 7A,
middle row and Figure 7C).

Apoptotic epithelial cells are found at a normal fre-
quency in the areas of normal intestinal epithelium adja-
cent to or in between Peutz-Jegher polyps (Figure 7A,
bottom row), consistent with the finding that LKB1 is
expressed in these cells (Figure 1) and providing an
important internal control for our analysis. Thus, there
is an excellent correlation between the expression of
LKB1 and the presence of apoptosis, suggesting that a
severe deficiency of epithelial cell apoptosis in PJS pol-
yps may play a causal role in benign hamartoma for-
mation.

o

To confirm the lack of apoptosis in the polyps of
Peutz-Jegher patients, we immunostained the human
normal mucosa and PJS polyps with CM1 antibody (Fig-
ure 7B). The CM1 immunostaining patterns were very
similar to those of TUNEL staining in normal and PJS
polyps. Distinct CM1-positive cells can be found in the
dying epithelial cells on the tips of villi as well as in the
crypts. In contrast, far fewer CM1-positive cells can be
found in the PJS polyps where LKB1 staining is absent
(Figure 7B, PJS hamartomatous polyp section).

We also asked whether the hamartomatous polyps
had lost the wild-type p53 allele, as a mutation in p53
might also explain the loss of apoptosis. Using a stan-
dard p53 immunostaining procedure (Walsh et al., 1999},
we compared the p53 staining of Peutz-Jegher patient
samples with that of the control. We found that p53
staining in Peutz-Jegher patient intestinal samples was
indistinguishable from that of the normal control (data
not shown), which suggests that the polyps from PJS
patients most likely maintained wild-type p53 expression.

Discussion

The small intestine represents one of the most rapidly
proliferating tissues of the body, with cell division oc-
curring approximately every 5 min in each crypt. A con-
sequence of such frequent cell division is that about
one gram of tissue (10° cells) may be produced every
20 min or so in humans (Potten, 1992). Despite its high
proliferation rate, cancers rarely develop in the small
intestine, suggesting that this tissue contains an effi-
cient mechanism for regulating cell proliferation, differ-
entiation, and death. The epithelial cells of the small
intestine are highly sensitive to apoptosis, whereas the
epithelial cells in the colon are highly resistant; this has
been proposed as a mechanism to explain why colon
cancer is much more prevalent than cancers of the small
intestine (Merritt et al., 1995). p53 is potently induced
by radiation in stem cells of the small intestine but not
in the colon. Thus, in the small intestine, p53 likely pro-
vides an important protective mechanism by eliminating
damaged cells before they become neoplastic (Merritt
et al., 1994). Our results suggest that LKB1 may be a
key molecule in this highly sensitive apoptotic regulatory
mechanism. Peutz-Jegher patients rapidly develop can-
cers of multiple tissue origins and die at a young age
(Spigelman et al., 1989), suggesting that the tumor sup-
pressor role of LKB1 is not limited to the epithelial cells
of the small intestine. Mutations in LKB1 may remove
the selection pressure on p53 mutation and allow cancer
to develop by evading the apoptotic checkpoint regu-
lated by p53 in a variety of cell types.

LKB1 has been demonstrated to have growth-sup-
pressive ability in HelLa S3 cells, which have lost p53
function. Overexpression of LKB1 in HeLa S3 cells in-
duced a G, cell cycle arrest, but not apoptosis (Tiainen
et al., 1999). We propose that the presence of functional
p53 is critical in determining LKB1-mediated apoptotic
response, as overexpression of LKB1 induced apoptosis
only in cells with functional p53. We have shown here
that p53 and LKB1 can physically interact. However,
another specific signal may be required to activate the
LKB1 and p53 complex, as the interaction of endoge-
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nous LKB1 and p53 can be detected under control con-
ditions. Upon treatment with paclitaxel, we detect in-
creased interaction of LKB1 and p53, and LKB1 undergoes
mitochondrial translocation. These observations may
represent two causally related events. Paclitaxel and
the signal forhomeostatic turnover of intestinal epithelial
cells may serve as activators of LKB1/p53 interaction.

LKB1 is only required for a subset of p53-dependent
apoptosis, as expression of K78M LKB1 only inhibits
apoptosis induced by paclitaxel and vincristine but not
5-fluorouracil or doxorubicin. Paclitaxel is an effective
chemotherapeutic agent (Rowinsky, 1997) that prevents
the depolymerization of assembled microtubules. Pacli-
taxel-induced apoptosis is at least partially dependent
on p53 (Lanni et al., 1997) and Bcl-2 (Haldar et al., 1996).
The recent observation that a substantial portion of cyto-
plasmic p53 is associated with microtubules raises the
interesting possibility that p53 functions as a sentinel
of microtubule dynamics in the cells (Giannakakou et
al., 2000). There is also a report demonstrating that p53
targets the mitochondrion in apoptosis (Marchenko et
al., 2000). The physical interaction of p53 and LKB1
suggests that LKB1 may be a component in this p53-
controlled sentinel for stress signals that result from the
disruption of the microtubule network. Another possibil-
ity is that p53 and LKB1 can both be partners at the
mitochondrial level to induce mitochondrial damage, al-
though this is less likely because the interaction of LKB1
and p53 can be detected before LKB1 mitochondrial
translocation. Since endogenous LKB1 interacts with
p53 and most of the endogenous p53 is in the nuclear
compartment, this complex may also form in the nu-
cleus. The kinase-dead mutant of LKB1, which is mostly
nuclear, can also interact with p53, supporting the notion
that the interaction between p53 and LKB1 can occur
in the nucleus. Our observation of mitochondrial local-
ization of LKB1 upon paclitaxe! treatment implies that
paclitaxel can induce the activation of LKB1 kinase.

Microtubule-disrupting agents have been shown to
activate c-Jun N-terminal kinase/stress-activated pro-
tein kinase (JNK/SAPK) as well as the apoptosis signal-
regulating kinase (ASK1) and Ras signaling pathways.
Ample evidence suggests that paclitaxel can induce
apoptosis in a manner independent of its G,/M arrest
by activating these phosphoregulatory pathways (Bla-
gosklonny et al., 1997; Haldar et al., 1995; Milas et al.,
1995). There appear to be two phases of cell death in
response to paclitaxel treatment. The early phase (up
to 16 hr) can be inhibited by dominant-negative versions
of ASK1, JNKK, and JNK (Wang et al., 1998). K78M LKB1
is most effective at inhibiting paclitaxel and vincristine
in the first 24 hr, and time points at 48 hr show little
protection (data not shown). The later phase of paclitaxel
apoptosis has been shown to be independent of JNK/
SAPK kinase activity and may be the result of eventual
G,/M arrest and catastrophic Cdk overactivation (Lev-
kau et al., 1998). This result suggests that LKB1 may
participate in stress kinase pathways mediated by ASK1,
JNKK, and JNK.

Peutz-Jegher patients initially develop benign polyps.
Since LKB1 is upregulated in dying mature epithelial
cells as well as stem cells, the formation of PJS hamarto-
mas is most likely due to a defect in the apoptosis of
both proliferating as well as differentiated epithelial

cells. Since p53~/~ mice do not exhibit a defect in apo-
ptosis of stem cells where LKB1 is clearly activated in
dying cells, LKB1 may have a function in regulating stem
cell survival independent of p53. This may be one of the
reasons why p53~/~ mice do not develop small intestinal
polyps during their life span of 30 weeks or so before
they succumb to other types of cancers. The function
of LKB1 in regulating cell survival may play a critical
role in malignant cancer formation later in the life of PJS
patients.

Experimental Procedures

Kinase Assays

N-terminal Flag-tagged constructs were transiently transfected into
HT1080 cells and harvested 18 hr posttransfection. Celis were lysed
in 150 mM NaCl, 5 mM EDTA, 1 mM DTT, 10% glycerol, and 1%
NP-40 in the presence of phosphatase and protease inhibitors and
PKI. M2 o-Flag antibody-coupled agarose beads (Sigma) were used
for immunoprecipitation, and the beads were washed four times
with lysis buffer and once with kinase buffer (10 mM Tris [pH 7.4],
10 mM MgCl,, 10 mM MnCl,, and 1 mM DTT). The in vitro kinase
assay was carried out in the presence of 20 pM cold ATP and 0.01
pCi [?P]ATP at room temperature for 15-20 min and analyzed by
autoradiography.

Retroviral Infection

The 293 GPG packaging cell line (generous gift of Richard Mulligan)
was used to propagate high titre virus containing either vector alone
or pWZL-Hygro p53(175H) dominant negative. HT1080 cells were
then infected in the presence of 1 ug/ml of polybrene, and selected
16 hr postinfection by hygromycin B, 75 pg/ml, for 48-72 hr. The
cell lines were then transiently transfected with GFP-tagged LKB1
constructs and assessed for cell death.

immunocytochemistry and Mitochondrial Staining

Rat anti-LKB1 polyclonal antibodies were generated against purified
recombinant LKB1 in pET28 expression vector (Novagen). To visual-
ize mitochondrial translocated LKB1, control or apoptotic, trans-
fected or nontransfected HT1080 cells were stained with Mitotracker
(1 uM) for 15 min prior to fixation by 2% formaldehyde in PBS, and
then immunostained by anti-LKB1 antibody. Paraffin-embedded,
formalin-fixed tissue from human and mouse intestine or polyp was
processed by automated high temperature antigen retrieval in Citra
buffer (BioGenex) and stained with rat anti-LKB1 polyclonal (1/50
dilution) antibody and CM1 monoclonal antibody (processed cas-
pase-3; 1/300 dilution) for 30 min. This was followed by incubation
with secondary antibody and HRP labeling for 20 min each. The
samples were then counterstained with hematoxylin.

Immunoprecipitation and Western Blot Analysis

Cells were lysed in hypotonic lysis buffer (0.2% Nonidet P-40, 100
mM Tris-HCI, 100 mM NaCl, 2 mM EDTA, and protease inhibitors)
on ice for 30 min and then sonicated 3 X 10 s. After preclearing,
an equal volume of binding buffer (20% glycerol, 200 mM NaCl, and
0.2% Nonidet P-40) was added prior to the addition of antibody.
Immunoprecipitations were carried out with the anti-HA antibody
(Roche Biosciences) and mouse anti-p53 monoclonal antibodies
(Stressgen and Upstate Biotechnology). The beads were washed
with wash buffer (equal volume of lysis and binding buffer) for four
times before SDS-PAGE analysis.

TUNEL Staining

The ApoTag system (Oncor) was used to stain formaldehyde-fixed
paraffin-embedded small intestinal biopsies obtained from both
non-PJS normal-appearing small intestine and hamartomatous pol-
yps from PJS patients. Epithelial cell apoptosis was quantified by
counting the number of TUNEL-positive cells per villus. TUNEL posi-
tivity was checked against nuclear morphology using Hoechst dye
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to rule out false-positive results. Equivalent high power fields of
cells of normal and polyp-containing tissue were analyzed for con-
sistency. TUNEL-positive cells in the submucosa and lymphocyte
populations were excluded.
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To study the role of the BH3 domain in mediating pro-apoptetic and anti-apoptotic activities of Bcl-2 family mem-
bers, we identified a series of novel small molecules {BH3ls) that inhibit the binding of the Bak BH3 peptide to Bcl-
x.- NMR analyses revealed that BH3ls target the BH3-binding pocket of Bcl-x,. Inhibitors specifically block the BH3-
domain-mediated heterodimerization between Bcl-2 family members in vitro and in vivo and induce apoptosis. Our
results indicate that BH3-dependent heterodimerization is the key function of anti-apoptotic Bcl-2 family members.

and is required for the maintenance of cellular homeostasis.

of cellular suicide triggered by internal or external cellular

stimuli. Most apoptotic signalling pathways converge on the
mitochondrion, which releases cytochrome ¢, leading to the activa-
tion of the caspase-9/caspase-3 cascade’. The response of mito-
chondria to upstream apoptotic signals is a crucial control point for
the regulation of apoptosis. The Bcl-2 family proteins regulate these
responses, but their precise mechanism of action, and, in particu-
lar, the way in which the pro-apoptotic and anti-apoptotic activities
of the different family members are balanced is still controversial' =,

Much of the discussion on the regulation of apoptosis by Bcl-2
family members has concentrated on the relative importance of
homodimerization and heterodimerization of family members and
of pore formation by multimers of these proteins**. NMR structur-
al analysis of the Bcl-x,/Bak BH3 peptide complex showed that the
Bak BH3 domain binds to the hydrophobic cleft formed by the
BH1, BH2 and BH3 domains of Bcl-x,°. Several lines of evidence
indicate that BH3-domain-mediated homodimerizations and het-
erodimerizations have a key role in regulating apoptotic functions
of the Bcl-2 family®. Site-directed mutagenesis studies showed a
correlation between dimer formation in vitro and the ability of
mutant proteins to regulate apoptosis*’. Furthermore, short pep-
tides encompassing the BH3 domains of various pro-apoptotic Bcl-
2 family members are sufficient to induce apoptosis in both cells
and cell-free systems®’.

Additionally, both anti-apoptotic and pro-apoptotic multi-BH-
domain Bcl-2 family members can form channels in the mitochon-
drial membrane!®". However, the exact contribution of pore for-
mation in vivo to apoptosis regulation by Bcl-2 family members
remains controversial',

Small-molecule inhibitors are useful tools for the elucidation of
the mechanisms of cellular processes’. They are more stable than
peptide inhibitors, are often cell-permeable, and it is easy to compare
in vivo the activity of the analogues that have a range of activities in
vitro's. The use of small-molecule inhibitors of protein—protein
interactions is particularly helpful, because intracellular signalling
pathways are controlled primarily by protein—protein interactions.

Apoptosis is a highly regulated, energy-dependent programme
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Unfortunately, most of the currently available cell-permeable
inhibitors are mechanism-based enzyme inhibitors, and there are
very few examples of protein—protein interactions inhibitors acting
inside cells'”'8, :

To dissect further the functions of Bcl-2 family members, we
wished to probe the effects of interfering with BH3-mediated
dimerization in a variety of biological situations through the devel-
opment of cell-permeable small molecules disrupting BH3-domain
binding to Bcl-x,. We identified two classes of novel small-molecule
cell-permeable inhibitor of the BH3-domain-mediated dimeriza-
tion and demonstrated that BH3Is induce apoptosis by preventing
BH3 domain-mediated interaction between pro-apoptotic and
anti-apoptotic members of the Bcl-2 family.

Results

Identification of the small-molecule inhibitors of Bak BH3-Bcl-x,
interaction. To identify small-molecule inhibitors of the Bcl-x,—BH3
domain interaction, we developed a high-throughput screen based
on fluorescence polarization (FP)". This assay monitors the dis-
placement of a fluorescently labelled BH3 domain of Bak® from a
recombinant glutathione-S-transferase (GST)—-Bcl-x, fusion protein
(Fig. 1a, b). A library consisting of 16,320 chemicals (ChemBridge
Corp.) was screened, and three compounds (two close homologues
(BH3I-1 and BH3I-1") and an unrelated compound (BH3I-2); Fig.
1c) showing the highest potency in disrupting BH3-Bcl-x, interac-
tion were selected for further analyses. Because these compounds
disrupted BH3 interactions they were termed BH3 inhibitors
(BH3Is). Additional homologues of the BH3I-1s (BH3I-1” and
BH3I1-1"") and BH3I-2 (BH3-2' and BH3I-2") were also analysed in
the study (Fig. 1¢). According to the results of FP assays, the affinity
of the inhibitors was.in the low micromolar range, with affinities
decreasing in the following order: BH3I-1>BH3I-1'>BH3I-
2">BH3I1-2>BH31-2"">BH3I-1". We were not able to assess the affin-
ity of BH3I-1"" with FP assay owing to its intrinsic fluorescence.
BH3Is inhibit Bcl-x; heterodimerization in vitro. To test the pos-
sibility that BH3Is might target the Oregon Green moiety of the
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Figure 1 Selection of small-molecule inhibitors of Bak BH3-Bclx, interaction. a,
Titration of Bak BH3 peptide (KGGGQVGRQLAIGDDINR) labelled with Oregon Green
with increasing amounts of GST-Bclx_ protein. Binding of the peptide is accompa-
nied by an increase in polarization. mP, millipolarization. b, Competition of the fluo-
rescently labelled Bak BH3 peptide (‘tracer’) with increasing amounts of the unla-
belled BH3 peptide {‘competitor’) for binding to GST-Bclx,. ¢, The structures and
chemical names of the compounds selected through the screening. K values
(means = s.d.) for the inhibition of Bak/Bclx ~His, interaction determined with FP
and NMR titration assays are shown. n.d., not determined.

fluorescently labelled BH3 peptide, we designed a novel BH3/Bcl-x,
binding assay with unlabelled BH3 peptide. In this assay Bcl-x; was
covalently attached to a surface-enhanced laser desorption/ioniza-
tion (SELDI) chip, and binding of the unlabelled BH3 peptide to
. immobilized protein was monitored by mass spectrometry. BH3
peptide bound to the Bcl-x,-modified surface in a dose-dependent
fashion (Fig. 2a). The addition of BH3I-1 or BH3I-2 resulted in a
decrease in BH3 binding. Interestingly, BH3I-2 had a higher activi-
ty than BH3I-1 in this assay. As with the FP results, BH3I-1"" showed
a lower potency than BH3I-1 in this assay. In addition, BH3Is dis-
rupted BH3-Bcl-2 interaction, suggesting that these chemicals could
target multiple anti-apoptotic Bcl-2 family members (Fig. 2b).

Next, we determined whether BH3Is could disrupt the het-
erodimerization of Bcl-x, with pro-apoptotic proteins from the Bcl-
2 family, such as truncated Bid (tBid). Truncation of Bid by caspase-
8 activates it and markedly increases its affinity for anti-apoptotic
Bcl-2 family members®. In vitro-translated tBid bound specifically to
His-tagged Bcl-x, immobilized on Ni*' beads (Fig. 2¢). The addition
of either BH31-2 (Fig. 2¢) or BH3I-1 (Fig. 2d) resulted in a dose-
dependent decrease in the tBid binding. BH3I-1 showed lower activ-
ity than BH3I-2 (Fig. 2d), and the activity of BH3I-1"" was even
lower (data not shown).

The results of tBid pulldown and SELDI assays indicated that
the use of Oregon Green moiety in FP assays could have resulted in
an overestimation of the K, values of the BH3I-1s relative to BH3I-
2s. To verify this conclusion we performed NMR titrations of Bcl-
x, with BH3I-1s (see below) and determined their K; values (Fig.
1¢). The results of NMR titrations show that the relative order of
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affinities of BH3I-1s was: BH31-1>BH31-1">BH3I-1">BH3I-1"".
Moreover, the NMR-derived K, for BH3I-1 was lower than the flu-
orescence-polarization-derived K; for BH3I-2. We were unable to
verify the K, for BH3I-2 by NMR titrations owing to the intermedi-
ate exchange rate of this compound. In contrast with FP data, the
K, values for BH3I-1s obtained by NMR approach agree with the
results of both pulldown and SELDI analyses. The order of affini-
ties of BH3Is is therefore BH3I2'>BH3I-2>BH3I-2"">BH3I-
1>BH3I-1">BH3I-1">BH3I-1"".

BH3Is are selective inhibitors of Bcl-2 family proteins. To deter-
mine the specificity of BH3Is, we tested their ability to inhibit other
protein—protein interactions. Neither BH3I-1 nor BH3I-2 affected
the interaction between splicing factors U2AF* and U2AF® (ref.
21; Fig. 2e). BH3Is (80 puM) also had no effect on interaction
between the Apaf-1 CARD domain fragment and caspase-9 in a
SELDI assay (data not shown).

Because NMR spectroscopy allows the detection of low-affinity

(up to a K of 1 mM) interactions, we used it to confirm the absence
of inhibition of the control protein—protein interactions by BH3Is.
BH3Is did not affect the interactions between CIDE-N domains of
CIDE-B and DFF40 or DFF45 (ref. 22; data not shown). Despite
close structural homology between full-length Bid and Bcl-x; %,
BH3Is failed to bind Bid (data not shown) and therefore demon-
strated a high degree of specificity.
BH3Is induce apoptosis. Because Bcl-2 proteins are central to the
regulation of apoptosis, we investigated whether BH3Is induce
apoptosis. Treatment of JK cells with BH3Is resulted in positivity in
a TdT-mediated dUTP nick end labelling (TUNEL) assay, indicat-
ing that BH3Is induced DNA fragmentation (Fig. 3A). In addition,
a significant portion of cells treated with BH3Is displayed a sub-G1
DNA content indicative of apoptosis (Fig. 3B). Finally, BH3Is
induced the appearance of Annexin V binding without an increase
in staining with propidium iodide (PI) (Fig. 3C). On the basis of
these results we concluded that BH3Is induce apoptosis.

Next, we examined whether BH3Is induce the release of
cytochrome ¢ from mitochondria. Immunostaining. with
cytochrome c antibody and fractionation experiments showed that
BH3I-1 (Fig. 3D, E) and BH3I-2 (Fig. 3E, and data not shown)
induced cytochrome c release, whereas staining with 3,3’-dihexyl-
oxacarbocyanine iodide (DiOC;) failed to demonstrate a decrease
in mitochondrial membrane potential in the cells treated with
BH3Is for 48 h (data not shown).

To demonstrate the activation of caspases by BH3Is, we meas-
ured the activation of caspases by using the preferred caspase-3 and
caspase-9 fluorogenic substrates Asp-Glu-Val-Asp-(7-amino-4-
methylcoumarin) (DEVD.AMC) and Leu-Glu-His-Asp-AMC
(LEHD.AMC). Treatment of JK cells with either BH3I-1 or BH3I-2
resulted in an increase in caspase-3-like (Fig. 3F) and caspase-9-like
(Fig. 3G) activities. The activation of both caspases followed an
essentially identical time course and reached a maximum 12 h after
the addition of BH3Is. If BH3Is induce apoptosis through mito-
chondrial pathway, caspase-9 should be activated before caspase-8,
because the latter is a mediator of the death receptor pathway at the
plasma membrane®. We therefore compared levels of caspase-
9/caspase-8 activity by measuring LEHD.AMC/Ile-Glu-Thr-Asp-
AMC (IETD.AMC) cleavage activities. BH3Is failed to induce the
activation of caspase-8-like activity after 12 and 24 h of treatment
when caspase-9-like activity was elevated (Fig. 3H). These data
indicate that BH3Is induce the activation of caspases in the mito-
chondrial pathway.

BH3Is induce apoptosis through disruption of BH3 domain inter-
actions. Because BH3Is induce apoptosis, we investigated whether
they act through the disruption of BH3 domain interactions. First,
we reasoned that if apoptosis induced by BH3Is is BH3 dependent,
their cytotoxicity should correlate with their ability to disrupt BH3
domain interactions in vitro. To examine this possibility we treated
JK cells with BH3Is and determined the cell death by assay with
MTS (see Methods) and uptake of PI (Fig. 4a). We found that the
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Figure 2 Inhibition of BH3-Bclx, interaction by BH3ls in vitro. a, Binding of increas-
ing amounts of Bak BH3 peptide to the SELDI surfaces modified with 2 pmol of Bcl-
x—His, in the presence or absence of the indicated amounts of BH3ls. The inset
shows examples of mass spectrometry data. b, Bak BH3 peptide was incubated
with the SELDI surface modified with 5 pmo! of GST-Bcl-2 in the presence or
absence of the indicated concentrations of BH3ls. As a negative control Bak BH3
peptide was incubated with the SELDI surface without Bel-x /Bcl-2 proteins (-). ¢—e,

cytotoxicity of BH3Is followed the order BH31-2'>BH31-2>BH3I-
2"">BH3I-1>BH3I-1">BH3I-1">BH3I-1"", which paralleled the
order of their K; values determined in Bcl-x; binding assays in vitro
(Fig. 4b, c). Similar data were obtained with a trypan blue exclusion
assay (data not shown). These results suggest that the ability to
irthibit the BH3 domain interaction is critical for the BH3I-medi-
ated induction of cell death.

Second, we determined whether BH3Is disrupt the het-
erodimerization of Bcl-2 family proteins in vivo. Dimerization of
Bcl-2 in immunoprecipitation experiments might represent post-
lysis events induced by detergents®. We therefore focused on assay-
ing Bcl-x; dimerization status in intact cells. The interaction
between Bax and Bcl-2 has been studied recently in intact living
cells by fluorescent resonance energy transfer (FRET) measure-
ments between fusion proteins with green fluorescent protein
(GFP)¥. We used this approach to monitor the effects of BH3Is on

NATURE CELL BIOLOGY |VOL 3|FEBRUARY 2001 | http://cellbio.nature.com

For pull-down experiments, Bclx —His; (c, d} or U2AF3*—His (e) containing agarose
beads were preincubated with the indicated concentrations of BH3I-2 (c-e), BH3I-1
(d, e) and Bak BH3 peptide (d) and then with 3S-abelled in vitrotranslated tBid (c,
d) or U2AF®> (e). Ni-NTA (Qiagen) beads without protein were used as a negative
control (blank). Autoradiographs of tBid and U2AFS5 and Coomassie Blue images of
Bclx, are shown.

Bcl-x,/Bax heterodimerization in intact cells. We co-transfected
HEK-293 cells with the expression vectors Bax fused to yellow flu-
orescent protein (YFP) and Bcl-x, fused to cyan fluorescent protein
(CFP) and treated them with BH3Is. The extent of FRET between
CFP and YFP was determined as the ratio between the fluorescence
at 527 nm and that at 475 nm after excitation at 433 nm. Co-trans-
fection of Bax—YFP and Bcl-x,—CFP resulted in an increase in the
FRET ratio from 1.0 (when two proteins were expressed separately)
to 1.7 (Fig.-5a), indicative of interaction between Bax and Bcl-x, in
cells. The addition of BH3Is resulted in changes in the FRET ratio
consistent with the activities of the compounds in vitro. BH3I-
2>BH3I-1>BH3I-1". YFP 513/527 nm fluorescence is not affected
by FRET and can serve as an accurate indicator of the Bax—YFP lev-
els and a rough index of cell death. The effects on YFP fluorescence
reduction was also in the order BH3I-2>BH3I-1>BH3I-1" (Fig.
5a). These results are consistent with previous cell viability studies
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Figure 3 Induction of apoptosis by BH3ls. A, TUNEL assays of JK cells treated
with BH3Is. JK cells were treated with BH3I-1 (100 uM) (a, b), BH3I-2 (30 uM) (¢, d}
and DMSO (e, ) for 48 h and stained with Hoechst dye (a, ¢, e) and a FragEL
TUNEL kit {Oncogene Research Products; b, d, f). B, DNA fragmentation analysis of
JK cells, JK cells were treated with BH3I-1 (100 uM) and BH3-2 (30 uM) and 72 h
later they were fixed and stained with PI. Samples were analysed by FACS.
Percentages of sub-G1 DNA are shown. C, Annexin V staining of JK cells. JK cells
were treated with BH3k1 (100 uM) and BH3I-2 (30 uM) and stained 4 or 6 h later
with Annexin V-EGFP/PI. Cells were analysed by FACS and relative amounts of live,
apoptotic and late apoptotic/necrotic cells are shown. D, Cytochrome ¢ release
induced by BH3Is. Hela cells were treated with 100 uM BH3}1 for 48 fi and-
stained with Hoechst dye (a) or antibody against cytochrome ¢ (b). The arrow indi-
cates the position of the apoptotic cell. E, Western blot analyses of cytochrome ¢
release. JK cells were treated with BH31-1 (100 uM) and BH3I-2 (50 uM) for 48 h;
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thay were then fractionated and soluble (S) and heavy membrane (M) fractions were
subjected to western blot analyses with antibodies against cytochrome ¢
(PharMingen) and VDAC (Calbiochem). F, G, Time courses of caspase activation in
JK cells. Cells were treated with 100 uM BH3I-1 {triangles) and 50 WM BH3I-2
{squares) for 2, 6, 12 and 24 h. Fluorescence-based assays of caspase-3 (Ac-
DEVD-AMC) (F) and caspase-9 (Ac-LEHD-AMC) (G) activity were performed with a
QuantiPak kit (Biomol) in accordance with the manufacturer’s instructions. Results
are relative AMC fluorescence in each sample compared with the value obtained
with untreated JK cells incubated for 24 h, which was set at 1. Error bars indicate
s.d. Equal protein amounts in the samples and timing of caspase-3 activation were
confirmed by western blot analyses with antibodies against tubulin and the caspase-
3 substrate poly (ADP-ribose) polymerase (PARP) (data not shown). H, Comparison
of caspase-9 (Ac-LEHD-AMC) (open bars) and caspase-8 (Ac{ETD-AMC) (filled bars)
activation 12 and 24 h after treatment of JK cells with BH3ls.
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Figure 4 Cytotoxicity of BH3Is. a, Titrations of BH3lIs. JK cells were treated for 48
h with BH3lIs and their cytotoxicity was determined with Pf {open bars) and MTS
{filled bars) assays. Numbers are percentages cell death. In MTS assays the num-
bers were normalized by subtracting values for DMSO-treated control, which was
set at 0% cell death. Error bars indicate s.d. The cytotoxicity of BH3-1""" was deter-
mined using only Pl staining because the highly coloured nature of this compound
interfered with MTS assays. b, ¢, Relative cytotoxicities (filled bars) of 90 uM BH3I-
1s (b) and 30 uM BH3I-2s (¢), determined by the Pl staining method used in (a)
compared with their affinities (open bars) as determined in Fig. 1. Cytotoxicities
and affinities were normalized to the values for BH3l-1"" and BH3I-2".

and demonstrate that the ability of the BH3Is to disrupt the inter-
action between Bax and Bcl-x, in intact cells correlates directly with
their cytotoxicity in the same samples. We also performed a time
course experiment that demonstrated that the disruption of FRET
preceded cell death (Fig. 5b).

Bad is a pro-apoptotic member of the Bcl-2 family whose apop-
tosis-promoting activity and mitochondrial targeting depends on
heterodimerization with anti-apoptotic Bcl-2 family members®.
Transfection of BSC-1 cells with Bad expression vector resulted in a
predominantly cytoplasmic localization of Bad (Fig. 5d), whereas co-
transfection with Bcl-x, (Fig. Se, f) resulted in a mitochondrial local-
ization of Bad. BH3Is disrupted the mitochondrial association of
Bad, but not that of Bcl-x,, after in vitro treatment of the mitochon-
dria isolated from the cells co-transfected with Bad and Bcl-x, (Fig.
5¢). The relative activities of the BH3Is in this assay (BH3[-2>BH3I-
1>BH3I-1") were consistent with the previous results. Treatment of
cells with either BH3I-1 or BH3I-2 resulted in an increase in cells
with the cytosolic redistributed Bad—GFP (Fig. 5g, h). Quantification
of cells with mitochondrial and cytosolic localizations of Bad-GFP
indicated that BH3I-1 and BH3I-2 efficiently disrupted mitochondr-

_ial targeting and heterodimerization of Bad-GFP with either B¢l-2 or

Bcl-x, in intact cells (Fig. 5i). Again, the order of the activities in these
assays was BH31-2>BH3I-1>BH3I-1". No cell death was detectable
at the time of measurement (Fig. 5g, h), suggesting that in this sys-
tem the disruption of BH3 interactions also precedes cell death.
Third, we reasoned that if BH3Is act through inhibiting the
function of anti-apoptotic members of the Bcl-2 family, the over-
expression of Bcl-x; should provide certain protection against

NATURE CELL BIOLOGY |VOL 3|FEBRUARY 2001 | http://cellbio.nature.com

articles

]
-
©

FRET ratio
=N

0.9
Bel:Bax Bcl+Bax BH3I-1 BH3I-1" BH3I-2
Cell viability (%) 100 50 89 33
b 23 60
g £
@ 130 @
c 13 2
L %
L H ﬂ (&3
0.3 0
Binding 3h 6h 24 h No binding
BH3I-2, 50 utM
c Con. BH3I-1 BH3I-1"_ BH3I-2
100 M 100 M 15 1M 50 uM
s, i oo sty i «— HA-Bad

s AT gy O AW | 4— Bl -x [T7

Binding (%) 100 34 45 68 31

BH3I-2

Bad-GFP Bad~GFP+Bcl-x_

localization (%)

Cells with mitochondrial

Bad- Con. 1-100 1"-100 2-50 2-15
GFP  Bad-GFP+Bcl-x /Bcl-2
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ed for 48 h with the indicated chemicals 24 h after transfection. Cells were harvested
in PBS and analysed immediately in a C60 fluorimeter. Results are FRET ratios nor-
malized to the FRET value obtained for the separate expression of Bax-YFP and Bcl-
% ~CFP, which was set at 1.0. The index of cell viability normalized relative to the
DMSO+reated Bctx,~CFP and Bax-YFP cotransfected cells, which were set at 100%
viability, is also shown. b, Time course of changes in FRET values (histogram) and cell
death (graph) induced by 50 uM BH3I-2. Cytotoxicity was determined with the Pl stain-
ing method. c-i, BH3ls effect on Bad mitochondrial tethering. ¢, HEK-293 cells were
cotransfected with HA-Bad and Bclx /T7. After 48 h, cells were harvested; isolated
mitochondria were treated with BH3Is for 2 h. After the treatments, mitochondria
were pelleted by centrifugation and subjected to western blot analysis with ant-HA
and anti-T7 antibodies. d-i, BH3I's effects on Bad localization in intact cells. BSC-1
cells were transfected with 5 ug of Bad-GFP expression vector alone (d, i) or co-
transfected with 5 ug of Bad-GFP and 5 ug of Belx ~T7 (e~i). At 24 h after transfec-
tion, cells were treated with 100 uM BH3I1 (g) or 50 uM BH3I-2 (h) for 6 h. The GFP
signal in the fixed cells is shown (d, f-h). To determine mitochondrial localization,
cells were prestained with MitoTracker Red CMXRos for 30 min before fixation (e). In
i, values are relative numbers of BSC-1 cells transfected with Bad-GFP or cotrans-
fected with Bad-GFP and Bclx ~T7 (filled bars) or Bcl-2-Flag {open bars) showing
granular mitochondrial localization of Bad-GFP after treatment with the BH3 inhibitors.
At least 100 transfected cells per sample were counted. Transfection was repeated
three times. Error bars indicate s.d. All cells were pretreated with 100 uM z2VAD-FMK
to decrease the detrimental effects of overexpression of pro-apoptotic Bcl2 proteins
on cell viability. 1-100, 1"-100, 2-50 and 2-15 represent 100 uM BH3I-1, 100 uM
BH3k1", 50 uM BH3I2 and 15 uM BH3I-2, respectively.
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Figure 6 Attenuation of the cytotoxicity of BH3Is by overexpression of Bclx,. A, B,
Attenuation of cytotoxicity of BH3Is by Bclx, overexpression. JK (open bars) or
JK/Bclx, (filled bars) cells were treated with BH3I-1 or BH3I-2 for 48 h. Cell death
was determined by MTS assay (A) or Pl staining (B). Numbers are percentages cell
death. In the MTS assays the numbers were normalized to the DMSO-treated con-
trol, which was set at 100% viability. Error bars indicate s.d. C, DNA fragmentation
analysis of JK/Bclx, cells. Cells were treated with BH3I-1 (100 uM) and BH3I-2 (30
uM); 72 h later they were fixed and stained with Pl. Samples were analysed by
FACS. Experiments were performed in parallel with studies in Fig. 3B. D, Caspase
activation in JK/Bclx, cells treated with BH3Is. JK (a-d) and JK/Bclx, (e-h) cells
were treated with BH3I1 (200 uM) and BH3I-2 (80 uM) and stained live with
Hoechst dye (a, ¢, e, g) or the cell-permeable fluorescent active caspase marker
FAM-VAD-FMK (b, d, f, h) (CaspaTag Fluorescein Caspase activity kit; Intergen). E,
F, Attenuation of cell death in FL 5.12 cells by Bckx, overexpression. FL. 5.12 or FL
5.12/Bclx_ cells were subjected to IL-3 deprivation (F; open bars, with IL-3; filled
bars, without IL-3) or treated with BH3I-1 and BH3I-2 (E; open bars, FL 5.12; filled
bars, FL 5.12/Bctx,) for 48 h. Cell death was determined by Pl staining. Numbers
are percentages cell death. Error bars indicate s.d. G, H, Inactivation of anti-apop-
totic activity of Belx, by BH3Is. FL 5.12/Bckx, cells were incubated with BH3I-1
and BH3I-2 in the presence (open bars) or absence (filled bars) of IL-3 for 48 h (H)
or 72 h (G). Cell death was determined by Pl staining (G) and by counting cells with
activated caspases (H) (CaspaTag Fluorescent Caspase Activation Assay, Intergen).

BH3Is that can be overcome by an increased amount of BH3Is.
Furthermore, cells overexpressing Bcl-x, should still undergo apop-
tosis when treated with a high enough dose of BH3Is to overcome
the protection by Bcl-x,. Overexpression of Bel-x; provides some
protection for JK cells from lower doses of BH3Is (up to 40 uM
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BH3I-2 and up to 100 uM BH3I-1), but gives no protection after
treatment with 80 uM BH3I-2 or 200 uM BH3I-1 (Fig. 6A, B).
Treatment with BH3Is (100 uM BH3I-1 or 30 uM BH3I-2) induces
the appearance of sub-G1 DNA indicative of apoptosis (Fig. 6C). To
determine whether caspases are activated in JK/Bcl-x; cells treated
with high doses of BH3Is, indicating that the cells were undergoing
apoptosis rather than necrosis, we stained cells with the carboxyflu-
orescein derivative of Val-Asp-Ala fluoromethyl ketone (FAM-VAD-
FMK), which binds to the active caspases and allows the detection of
caspase activation in intact cells (Fig. 6D). We found that caspases
are activated in Hoechst-positive dying cells after treatment with
high doses of BH3Is. No Hoechst/caspase-positive cells were seen in
untreated control cells (data not shown).

FL5.12 cells undergo apoptosis in response to deprivation of
interleukin-3 (IL-3), which is efficiently blocked by overexpression
of Bel-x,? (Fig. 6F). Overexpression of Bcl-x; attenuated killing by
BH3Is and this effect could be overcome by a higher dose of the
inhibitors (Fig. 6E). Inactivation of Bcl-x, by BH3Is should result in
increased sensitivity of FL5.12/Bcl-x cells to BC3Is after IL-3 dep-
rivation. The cytotoxicity of BH3I-1 and BH3I-2 was indeed signif-
icantly increased upon IL-3 deprivation of the Bcl-x;-overexpress-
ing cells, whereas IL-3 deprivation alone did not induce significant
cell death (Fig. 6G). Moreover, staining cells with FAM-VAD-FMK
demonstrated increased caspase activation induced by combined
treatment with BH3Is and deprivation of IL-3 in Bcl-x;/FL5.12 cells
(Fig. 6H), demonstrating an enhancement of apoptosis in these
cells in response to Bcl-x, inactivation.

Finally, if inhibition of the BH3 domain interaction results in
the release of pro-apoptotic members of Bcl-2 family, pro-apoptot-
ic activity of BH3Is should mimic that of pro-apoptotic members
of the Bcl-2 family. We therefore compared the pro-apoptotic activ-
ity of BH3Is with that of Bax. Cell death induced by either the treat-
ment of HeLa cells with BH3Is or transfection with Bax is only
partly dependent on caspase activity (Fig. 7A). MTS (Fig. 7B) and
PI exclusion (data not shown) assays of BH3Is/zVAD-treated JK
cells confirmed this conclusion.

To characterize further the role of caspases in apoptosis induced
by BH3Is, we stained HeLa cells that had been treated with BH3Is
in the presence of ZVAD-FMK with Hoechst dye and antibody
against cytochrome c. The addition of ZVAD-FMK completely pro-
tected cells from BH3I-induced nuclear fragmentation, but not
from nuclear condensation or cytochrome ¢ release induced by
BH3I-1 (compare Figs 7C and 3D) and BH3I-2 (data not shown).
This conclusion was confirmed by sub-G1 analysis, showing that
ZVAD-FMK prevented the appearance of fragmented DNA in the
cells treated with BH3Is (Fig. 7D). Therefore, although BH3Is
induce some events that require caspase activation, similarly to
Bax-induced cell death®!, eventual cellular demise is only partly
dependent on caspase activity.

Taking these results together, we conclude that BH3Is induce
apoptosis by disrupting interactions, mediated by the BH3
domain, between pro-apoptotic and anti-apoptotic members of
the Bcl-2 family.
Neither Bak BH3 peptide nor BH3Is affect pore formation by Bcl-
x,. Because Bcl-x; forms pores in membrane, which might have a
role in its ability to regulate apoptosis'®!"'>*, we tested whether
BH3Is affect pore formation by Bcl-x,. We found that BH3Is and
BH3 peptide did not affect the Bcl-x,-mediated release of carboxy-
fluorescein encapsulated in artificial liposomes (data not shown).
This result suggests that Bcl-x, pore formation is independent of
BH3-mediated homodimerization and that pro-apoptotic activity
of BH3Is reflects a critical role of BH3-dependent heterodimeriza-
tion in mediating cell survival.
BH3Is interact with the BH3-peptide-binding pocket of Bcl-x;. We
employed NMR titration* to examine whether BH3Is interact with
the binding pocket of Bcl-x, in a manner similar to Bak BH3 pep-
tide (Fig. 8).

First, we analysed changes in the two-dimensional "*N/'H

NATURE CELL BIOLOGY |VOL 3|FEBRUARY 2001 | http://cellbio.nature.com




>

100 100
80 80
9 3
pe 60 £ 60
[ ©
Q Q
S 40 o 40
© B
&) (&)
20 20
0 0
Con. BH3l-1 BH3!-2 YFP-Bax 90 30 30 10 uM
YFP BH3I-1 BH3I-2
C
D
a Control c BH3I-1 e BH3I-2
300 150 300
240] 1204 240
X
E 2 180],,, £ 904 2 180
o 3 i 3 3 10.6%
< 8 120 8 soj101% 8 1204106%
X ——
60] 30 604
o] 0] | 0
0 200 400 600 800 1,000 0 200 400 600 800 1,000 0 200 400 600 800 1,000
b FL2-Area d FL2-Area FL2-Area
300 300 300
240] 2401 240]
Q 2 180 £ 180 2 1804
S 3 22.4% 3 3 82.4%
g S 120{24% 8 120{53.8% 8 120]824%
604 60 60.
o B bt . - / ’ r T :
200 400 600 800 1,000 0 200 400 600 800 1,000 0 200 400 600 800 1,000
FL2-Area FL2-Area FL2-Area

articles

Figure 7 The requirement of caspases for cytotoxicity of BH3ls is similar to that of
Bax. A, Comparison of cell death induced by BH3Is and Bax. Hela cells were trans-
fected with Bax-YFP or pEYFP-C1 for 48 h in the absence (open bars) or presence
(filled bars) of 100 uM zVAD-FMK. YFP-transfected cells were also treated with BH3I-
1 (100 uM) and BH3I-2 (50 uM) for 48 h. Cell viability was determined by Pl staining
and a microscopic examination of Pl/YFP-positive cells. Numbers show the percent-
age of Pl-positive cells in the YFP-positive population. Error bars indicate s.d. B,
Attenuation of cytotoxicity of BH3Is by the pan-caspase inhibitor zZVAD-FMK. JK cells
were treated with BH3I-1 and BH3I-2 in the presence (open bars) or absence {filled
bars) of 100 uM zVAD-FMK for 48 h. Cell death was determined by MTS assay.
Numbers represent percentages cell death. In the MTS assays the numbers were

heteronuclear single-quantum correlation (HSQC) spectrum of
15N-labelled Bcl-x, on the addition of the Bak BH3 peptide.
Addition of Bak BH3 peptide primarily affected residues in the
BH1-BH3 hydrophobic cleft and especially residues at the
BH1/BH2 interface (Fig. 8a, b), which is consistent with the pub-
lished structure of the Bak/Bcl-x; complex® (Fig. 8¢).

Next, we analysed changes in Bcl-x; structure after the addition
of increasing amounts of BH3Is. We found that all the BH3Is
induced significant changes in Bcl-x; structure, targeting the
hydrophobic cleft formed by the BH1, BH2 and BH3 domains on
the surface of the Bcl-x; protein, and bound primarily to the area
formed by the BH! and BH2 domains (Fig. 8d, e, and data not
shown). The NMR data suggest that BH3I-2s have slower dissocia-
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normalized to the DMSO-treated control, which was set at 100% viability. Error bars
indicate s.d. €, Nuclear fragmentation, but not the release of cytochrome c,
induced by BH3Is require caspases. Hela cells were treated with 100 uM BH3I-1
and 100 uM zVAD-FMK for 48 h, then stained with Hoechst dye (a) or antibody
against cytochrome ¢ (b). The arrows indicates the positions of the dying cells. (D)
DNA fragmentation analysis of JK cells treated with BH3Is and zZVAD-FMK. Cells
were treated with DMSO (blank) (a, b), BH3I-1 (100 uM} (¢, d) and BH3I-2 (30 uM)
(e, f) in the presence (a, ¢, ) or absence (b, d, f) of zZVADFMK for 72 h, then fixed
and stained with Pl. Samples were analysed by FACS. Percentages of sub-G1 DNA
are shown.

tion rates than BH3I-1s as judged by the intermediate exchange
kinetics of BH3I-2s binding compared with the fast exchange
shown by BH3I-1s.

Because BH3I-1 differs from BH3I-1" by a single substitution,
we compared the changes induced by these chemicals in the '*N/'H
HSQC spectra of Bcl-x;>*. The primary area differentially affected
by BH3I-1 and BH3I-1"” is in the middle of the BH2 domain
(residues N100, G102, 1104, A106, F110, G111 and G112) (Fig. 8f,
g). The only other differentially affected residue is R55, which lies
in the BH3 domain (Fig. 8f, g). A similar comparative analysis of
BH3I-2 and BH3I-2' resulted in the mapping of A164, A165, R168,
located carboxy-terminal to the BH1 domain, and F110 in the BH2
domain. This suggests that BH3I-2s target a more upstream part of
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Figure 8 NMR analyses of the BH3 inhibitors binding to Bclx,. Areas perturbed by
the binding of chemicals and a BH3 peptide are mapped on the surface of the
structure of free Bclx,® (a, b, d-f) and the Bclx, complex with the Bak BH3 pep-
tide (c, g). a, Residues affected by the binding of the Bak BH3 peptide. Residues
displaying fast exchange kinetics are shown in blue and intermediate exchange
kinetics (tighter binding) in red. b, Structure of free Bclx . The location of the
hydrophobic cleft is shown: dark blue, BH1; green, BH2; red, BH3. ¢, Structure of
Bckx, in complex with the Bak BH3 peptide®. The locations of BH1, BH2 and BH3
domains are shown: dark blue, BH1; green, BH2; red, BH3. d, Residues affected by

the Bel-x, hydrophobic groove than BH3I-1s.

Additionally, we observed magnetization transfer between the
benzene-ring protons of BH3I-1 and the amide protons of Y65 and
F107 in-a nuclear Overhauser effect (NOE) spectrum, indicative of
direct contact between BH3I-1 and these residues (Fig. 8f, g).
Interestingly, residue F107, as well as residues F110, A164, A165 and
R168 (identified in a differential mapping analysis), are buried in
the structure of free Bel-x, (Fig. 8)*" but are surface-exposed in the
structure of the Bcl-x,/Bak complex (Fig. 8g)". In this complex, Y65,
F107 and F110 form direct contacts with the side-chain of the
leucine residuc of the Bak BH3 peptide, which is essential for bind-
ing®. This obscrvation suggests that, on binding BH3I-1, Bel-x,
undergocs a conformational change similar to that induced by the
Bak BH3 peptide.

Overall, the results of the NMR analyses demonstrate that
BH3Is target the hydrophobic cleft on the surface of Bcl-x,, which
is a docking site for the BH3 domain of Bak and therefore mediates
the dimerization of Bcl-2 family members. Binding of BH3Is to the
hydrophobic pocket of Bel-x, affects the conformation of Bel-x; in
a fashion similar to Bak BH3 peptide binding. This suggests a sim-
ilarity between the modes of action of BH3Is and Bak BH3 peptide.

Discussion

Our results indicate that BH3Is act as ‘BH3 mimetics’ because they
induce apoptosis similarly to Bak BH3 peptide® and bind to the
same arca of Bcl-x, as Bak BH3 peptide. Moreover, the characteris-
tic features of BH3I-induced cell death closely parallel those caused
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the binding of BH3-1. e, Residues affected by the binding of BH3}-2. f, g,
Differential mapping of the analogues of BH3I-1 and BH3I-2. Residues differentially
affected by the binding of BH3I-1 and BH3I-1"" are shown in green. Y65 and F107,
forming a direct contact with BH3I-1, are shown in red. Residues differentially
affected by the binding of BH3I-2 and BH3I-2" are shown in gold. F110, which is dif-
ferentially affected by either BH3I-1 and BH3l-1"" or by BH3I-2 and BH3I-2" is shown
in cyan. Residues F107 {red), F110 (cyan), A164, A165 and R168 (gold) are buried
in the structure of free Belx * (f} and are exposed in the structure of the Belx,
complex with the Bak BH3 peptide (g).

by the overexpression of pro-apoptotic Bcl-2 family proteins?®'2¢3,

BH3Is might induce apoptosis via several distinct mechanisms.
Bid triggers a conformational change in Bax, which induces its
oligomerization and pore formation®. However, the addition of
BH3Is or Bak BH3 peptide was not sufficient to induce Bax inser-
tion into mitochondrial membrane, nor did they affect Bax mem-
brane insertion induced by tBid (data not shown). Thus, the BH3
domain alone is not sufficient to induce Bax oligomerization.
Interestingly, a recent mutagenesis study has suggested that tBid-
induced Bax oligomerization, membrane insertion and cytochrome
¢ release are BH3-dependent®. It is possible that even transient
interaction of tBid with Bax is sufficient to induce Bax membrane
insertion, which explains why this process cannot be efficiently
inhibited by reversible inhibitors such as BH3Is. Overall, these
results indicate that BH3Is are unlikely to induce apoptosis by
directly inducing Bax oligomerization and mitochondrial insertion.

Another possibility is that BH3Is act directly on the anti-apop-
totic Bel-2 family members. Bcl-2 and Bcl-x; were proposed to
inhibit apoptosis through two major mechanisms: heterodimeriza-
tion and pore formation®. Although we found that BH3Is inhibit-
ed heterodimerization between Bcl-x, and pro-apoptotic members
of Bcl-2 family, BH3Is had no effect on pore formation by Bcl-x;.
We therefore conclude that BH3Is induce apoptosis by inhibiting
the heterodimerization of Bcl-x,/Bcl-2 and releasing pro-apoptotic
Bcl-2 family members, which in turn initiate downstream apoptot-
ic events. Overall, our findings underscore the crucial role of the
BH3-mediated heterodimerization in the anti-apoptotic function
of Bcl-2/Bcl-x, and its constitutive requirement for the mainte-
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nance of cellular homeostasis.

Mitochondria in general, and Bcl-2 proteins in particular, are
promising new targets in cancer therapy owing to their central role
in the regulation of apoptosis as well as their importance in the
development of resistance to chemotherapy*®*’. It has been shown
the inhibition of the activity of anti-apoptotic Bcl-2 family proteins
specifically kills transformed cells and sensitizes tumour cells to
chemotherapy*>-*. The chemical inhibitors developed in this study
should circumvent the upstream anti-apoptotic barriers in trans-
formed cells in vitro and might be used to explore the feasibility of
anti-apoptotic agents as novel anti-cancer therapies. 0

Methods

Cell culture and cell lines .

Jurkat cells overexpressing Bcl-x were generated by stably transfecting Jurkat cells with Bcl-x/T7
expression vector. FL 5.12 and FL 5.12/Bcl-x; cells were a gift from Dr Craig Thompson (University of
Pennsylvania, Philadelphia, PA). All other cell lines were obtained from ATCC (Manassas, VA) and
maintained in accordance with the supplier’s instructions.

Plasmid construction

Bax-YFP, Bad-GFP, Bcl-x,~CFP and Bel-2-CFP expression vectors were generated by subcloning cor-
responding cDNAs into the pEYFP-N1, pEGFP-N1 and pECFP-NI vectors, respectively (Clontech).
Bacterial GST—tBid-Flag (where Flag is (EYKEEEK),) expression vector was prepared by the insertion
of the Flag-coding region into the GST-tBid expression vector®. Protein was cleaved by Precision pro-
tease (Pharmacia) to separate tBid from GST. Bel-x,—His, bacterial expression vector was generated as
described®. GST-Bcl-x, vector has been previously described®.

Immunocytochemistry

HeLa cells were seeded into four-chamber glass slides {Lab Tech) and treated with BH3Is for 48 h.
Cells were then fixed in 4% paraformaldehyde and stained with monoclonal antibody against
cytochrome ¢ (Pharmingen) and Hoechst dye.

FP assays

Bak BH3 peptide (Research Genetics) was labelled with succinimidyl Oregon Green (Molecular
Probes) and purified by HPLC. For the initial screening assays, 33 nM labelled BH3 peptide, 2 uM
GST-Bcl-x, protein, 0.1% bovine y-globulin (Sigma) and 1 mM dithiothreitol mixed with PBS, pH 7.2
(Gibco), were added to 384-well black plates (Lab Systems) with Multidrop (Lab Systems). Small mole-
cules (5 mg ml~' in DMSO; Chembridge) were transferred by using plastic 384-pin arrays (Genetix).
The plates were incubated for 1-2 h at 25 °C, and FP values were determined with an Analyst plate
reader (LJL Biosystems). Reactions containing 16.65 nM labelled BH3 peptide and 4.2 uM Bcl-x~His,
fusion protein, used previously to characterize BH3/Bcl-x, binding®, were used for the further FP
analyses. K, and K, determinations were performed as described previously'® with a GraphPad Prism
software package (GraphPad). Chemicals for further testing were obtained from Chembridge, except
for BH3I-1"", which was obtained from Chemical Diversity.

Mass spectrometry

Purified recombinant GST—Bcl-2 and Bcl-x,~His, were coupled through their primary amines to
SELDI chip surfaces derivatized with carbonyldiimidazole (Ciphergen). Bak BH3 peptide was incubat-
ed in the total volume of 1 pl for 12 h at 4 °C in a humidified chamber to allow binding to each spot of
the SELDI chip, then washed with alternating high-pH and low-pH buffers (0.1 M sodium acetate
containing 0.5 M NaCl, followed by 0.01 M HEPES, pH 7.3). The samples were embedded in a-cyano-
4-hydroxycinnamic acid matrix and analysed for mass by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry. The data presented are averages of 100 laser shots at
a constant setting collected over 20 spots in each sample.

In vitro binding assays

Translation of tBid and U2AF* in vitro was performed with TNT Coupled Reticulocyte or Wheat
Germ Lysate (Promega) Systems respectively. Bel-x;, U2AF® or corresponding amounts of original Ni-
NTA agarose beads (blank) were preincubated with the BH3 inhibitors or peptide in 100 ul of PBS for
30 min at 25 °C and then 1 ul of **S-labelled tBID or U2AF®* was added and incubations were contin-
ued for 2 h at 4 °C. Beads were washed three times with PBS containing 10 mM imidazole, 1 mM
EDTA and corresponding BH3Is. The samples were subjected to SDS-PAGE, Coomassie Blue staining
and autoradiography.

Cytotoxicity assays
Cells (5 x 10° cells per well) were seeded into white 96-well plates (Costar) and treated with various
concentrations of the compounds for 48 h. For zZVAD-FMK protection experiments, cells were prein-
cubated with 100 uM zVAD-FMK (Bachem or Alexis) for 1 h before the addition of chemicals. Cell
viability was determined with an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulphophenyl)-2H-tetrazolium salt) assay (CellTiter 96 Assay; Promega) with a Victor plate reader
(Wallac). For PI staining experiments, cells were grown in 24-well plates and then incubated with -
2 pg mi™ PI (Boehringer Mannheim). Cell death was determined by FACS analysis in a FACSCalibur
machine (Beckton Dickinson).

For the determination of cytotoxicity in HeLa cells, cells were transfected with 2 pg of Bax-YFP or
pEYFP-CI (Clontech) vectors by using TransLT-1 reagent:(PanVera). Some sample cells were pretreated
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with 100 pM zVAD-FMK. At 48 h after transfection, cells were harvested by trypsinization, combined
with floating cells recovered by centrifugation from culture medium and resuspended in PBS (pH 7.2)
supplemented with 1% fetal bovine serum (FBS) and 2 mg ml-! PI. Numbers of PI/YFP-positive cells
were determined by fluorescence microscopy. ’

Apoptotic assays

Annexin V/PI staining was performed with an Annexin V-EGFP Apoptosis Detection kit (PanVera).
For sub-Gt staining, cells were harvested, resuspended in PBS supplemented with 2% FBS and fixed in
a 10-fold excess of ice-cold ethanol. Cells were recovered by centrifugation at 1000 g for 5 min at 4 °C,
washed once in PBS, 2% FBS, 0.2% Triton X-100, incubated in the same medium supplemented with
50 mg ml~* PIand 50 pg ml™' of RNase A for 30 min at 37 °C, and analysed in FACSCalibur. TUNEL
assays were performed with a Fluorescent FragEL kit (Oncogene Research Products). Staining of the
cells with active caspases was performed with a CaspaTag kit (Intergen).

Cell-based FRET assays

HEK-293 cells were transfected with Bcl-x,—CFP and Bax-YFP expression vectors by using

Lipofect AMINE Plus (Gibco) or TransLT-1 (PanVera); 24 h later they were treated with BH3 chemi-
cals. For the dose-response experiment, cells were pretreated with 100 uM zVAD-FMK for 1 h before
transfection, to decrease cell death induced by the expression of BaxYFP. Cells were harvested in PBS .
supplemented with BH3 inhibitors, and fluorescence was determined with a C-60 fluorimeter (PTI) or
a Wallac plate reader. Fluorescence in the samples separately overexpressing Bax and Bcl-x, was added
together and used to estimate the FRET value in the absence of dimerization.

Bad localization assays

HEK-293 cells were transfected with 5 pg of haemagglutinin (HA)-Bad expression vector alone or in
combination with 5 ug of Bcl-x,/T7, with the calcium phosphate procedure. At 48 h after transfection,
cells were harvested and mitochondria were isolated*. A 50 ug sample of mitochondria was incubated
with BH3I for 2 h at 25 °C and then pelleted by centrifugation at 10000 g for 15 min at 4 °C.
Mitochondrial pellets were subjected to western blotting with anti-HA (Roche) and anti-T7 (Novagen)
antibodies. For the fluorescence microscopy study, BSC-1 cells were transfected with 5 pg of Bad~GFP
and 5 pg of Bel-x/T7 or Bcl-2/Flag (a gift from S Korsmeyer, Dana Farber Cancer Institute, Boston,
MA) by using the calcium phosphate procedure. Cells were treated with BH3Is for 6 h and fixed; the
relative numbers of cells with mitochondrial localization of Bad-GFP were determined by fluorescence

microscopy.

Cytochrome c release assay

JK cells were incubated with BH3Is for 48 h. Cell fractionation was performed as described previous-
ly*. Soluble fraction proteins (50 pg) and an equivalent amount of heavy membrane proteins were
subjected to SDS-PAGE and analysed by western blotting with antibodies against cytochrome ¢
(Pharmingen) and voltage-dependent anion channel (VDAC) (Calbiochem).

Pore formation assays

Liposomes containing 20 mM 5,6-carboxyfluorescein were prepared as described previously®. For Bcl-
x, pore formation, 5 pM Bcl-x,~His, was preincubated with BH31-2 or Bak BH3 peptide in 50 pl of

5 mM sodium citrate, 150 mM NaCl (pH 4.0) buffer for 10 min at 25 °C, followed by addition of 5 ul
of undiluted liposomes. Before determination of the fluorescence, the pH was adjusted by the addition
of 10 pl of 1.5 M Tris—HCl, pH 7.5.

NMR spectroscopy

Sequential assignments were achieved as described previously®. 'H/*N HSQC spectra were recorded
by adding different amounts of BH3Is and Bak BH3 peptide into 300 uM '*N-labélled Bcl-x,/His. The
determination of the K; values of BH3Is was performed as described previously*. NOE transfers
between BH3I-1 and Bcl-x, were observed in the "“N-filtered '*N-edited NOESY-HSQC spectra record-
ed on 100% deuterated Bcl-x, in water in accordance with ref. 47, with the exception that the 'H evo-
lution period was replaced with a semi-constant time** element and the phase of the second proton
90° pulse was adjusted to select protons that were not coupled to “N.
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